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The growth of boundary l a y e r s  on t h e  i n t e r n a l  s u r f a c e s  of super -  
s n n i c  i n l e t s  may p l a y  a major r o l e  i n  t h e  o v e r a l l  performance of such  
i n l e t s .  S e v e r a l  of t h e  ways i n  which boundary l a y e r s  i n f l u e n c e  i n l e t  
performance are: t h e  m o d i f i c a t i o n  of t h e  e x t e r n a l  f low f i e l d  due t o  
d e c r e a s i n g  t h e  amount of  i n v i s c i d  f low area, t h e  forward s h i f t i n g  of 
t h e  shock s t r u c t u r e ,  and p o s s i b l y ,  t h e  s e p a r a t i o n  of t h e  boundary l a y e r  
which may cause  i n l e t  u n s t a r t .  
Boundary l a y e r  s e p a r a t i o n  i s  u s u a l l y  a s s o c i a t e d  wi th  a d v e r s e  
p r e s s u r e  g r a d i e n t s  and /o r  shock-boundary l a y e r  i n t e r a c t i o n s  which a re  
n e c e s s a r i l y  p r e s e n t  i n  s u p e r s o n i c  i n l e t s .  Thus t h e  c h a r a c t e r i s t i c s  of  
boundary l a y e r  growth on t h e  i n t e r n a l  s u r f a c e s  of a supe r son ic  i n l e t  
may cause  changes,  sometimes v e r y  d r a s t i c  ones ,  i n  t h e  performance 
of such  an i n l e t .  
To c o n t r o l  t h e  growth of  t h e  boundary l a y e r  on t h e  i n t e r n a l  
s u r f a c e s  of an i n l e t ,  a sys tem of b l e e d i n g  t h e  boundary l a y e r  a t  
v a r i o u s  l o c a t i o n s  may be i n c o r p o r a t e d  i n t o  t h e  i n l e t .  The b l eed  
s y s t e m  u s u a l l y  removes t h e  low momentum p o r t i o n  of t h e  boundary l a y e r  
through porous s e c t i o n s ,  s l o t s  o r  scoops.  I n  t h i s  way, t h e  s i z e  and 
c h a r a c t e r i s t i c s  of t h e  boundary l a y e r  a r e  i n  some way c o n t r o l l e d .  
* 
NASA L e w i s  Research Center ,  Cleveland, Ohio 
A p e n a l t y  i s  i n c u r r e d ,  however, j n  m a i n t a i n i n g  a ‘ h e a l t h y ’  (non- 
s e p a r a t i n g )  boundary l a y e r  by b leeding .  
u s u a l l y  r e i n j e c t e d  i n t o  t h e  i n l e t ,  so  p a r t  of t h e  c a p t u r e d  mass f low 
i s  l o s t .  To compensate f o r  t h i s  l o s s  i n  mass flow, a l a r g e r  n a c e l l e  
may be needed which would i n c r e a s e  t h e  f r i c t i o n  d r a g  and i n l e t  weight .  
I n  a d d i t i o n ,  t h e  b l e e d  f low i s  u s u a l l y  vented  overboard through b l e e d  
e x i t s ,  a phenomenon which a l so  i n c u r s  a cirag p e n a i t y .  Thus i t  i s  
d e s i r a b l e  t o  minimize t h e  amount of  boundary l a y e r  b l e e d  w h i l e  s t i l l  
provid ing  good i n t e r n a l  aerodynamic performance. 
The b l e e d  mass f low i s  n o t  
Experiments i n c o r p o r a t i n g  b l e e d  systems i n  a s u p e r s o n i c  i n l e t  
have been performed p r e v i o u s l y  by Cubbison e t  a l l ,  Hings t  and Johnson , 
and Smeltzer  and Sorensen . There have a l s o  been s t u d i e s  by K i l b u r g  
and Kotansky and Stri!-.e and Rippey on shock-boundary l a y e r  i n t e r -  
a c t i o n s  w i t h  a n d j w i t h o u t  b leed  i n  s impler  geometr ies .  There h a s  a l s o  
been a s t u d y  by McLafferty and Ranard6 on t h e  e f f e c t  of  b l e e d  f o r  a 
given geometry and t h e  e f f e c t  o f  t h e  b leed  system geometry on t h e  
b l e e d  m a s s  f low. These t y p e s  o f  in format ion  have u l t i m a t e l y  been used 
t o  des ign  s u p e r s o n i c  i n l e t s  w i t h  b l e e d  systems t o  o b t a i n  optimum per- 





The purpose  o f  t h i s  experiment w a s  t o  f u r t h e r  c l a r i f y  and q u a n t i f y  
t h e  e f f e c t s  of  b l e e d  on t h e  c h a r a c t e r i s t i c s  of a boundary l a y e r  through 
a shock-boundary l a y e r  i n t e r a c t i o n  i n  a s u p e r s o n i c  i n l e t .  With t h i s  
aim. several  t y p e s  of b l e e d  c o n f i g u r a t i o n s  have been s t u d i e d .  These 
c o n f i g u r a t i o n s  inc luded  v a r i a t i o n  o f  b leed  h o l e  s i z e ,  a n g l e  of b l e e d  
h o l e s  t o  t h e  s u r f a c e  normal and bleed h o l e  p a t t e r n ,  I n  a d d i t i o n  t o  
2 
t h e  porous o r  d i s c r e t e  h o l e  t y p e  o f  b l e e d ,  a scoop w a s  a l s o  used. 
Each of t h e  c o n f i g u r a t i o n s  w a s  t e s t e d  ove r  a range  of  b l eed  mass 
f lows .  The Reynolds number and shock p o s i t i o n s  w e r e  a l s o  v a r i e d .  
I n  o r d e r  t o  b e s t  r ep roduce  t h e  Mach number and p r e s s u r e  v a r i a t i o n s  
encountered i n  mixed compression i n l e t s  as w e l l  as t o  s tudy  t h e  e f f e c t s  
of b leed  on s u c c e s s i v e  shock-boundary l a y e r  i n t e r a c t i o n s ,  t h e  s t u d y  
w a s  conducted on an  a c t u a l  i n l e t  t e s t e d  i n  t h e  NASA-Lewis Research 
Center 1 0  x 1 0  Foot Supersonic  Wind Tunnel. The supe r son ic  i n l e t  used 
f o r  t h i s  experiment w a s  a mixed compression axisymmetric i n l e t  having  
a des ign  Mach number of 2.5 and w i t h  60% of t h e  supe r son ic  area con- 
t r a c t i o n  occur ing  i n t e r n a l l y .  The i n l e t  w a s  ope ra t ed  w i t h  a cold- 
p i p e  choked p lug  assembly i n s t e a d  of a n  engine .  It w a s  b a s i c a l l y  t h e  
same i n l e t  used i n  t h e  p r e v i o u s l y  c i t e d  s t u d i e s  of r e f e r e n c e s  1 and 2 
w i t h  t h e  excep t ions  of new e x t e r n a l  cowl p i e c e s  t o  c o n t r o l  t h e  b l e e d  
mass flow r a t e  and a b l e e d  r e g i o n  i n  p l a c e  of a s o l i d  w a l l  i n  t h e  
f i r s t  cen terbody shock-boundary l a y e r  i n t e r a c t i o n  r eg ion .  
The b l eed  c o n f i g u r a t i o n s  i n v e s t i g a t e d  i n  t h i s  t e s t  were chosen 
based on t h e  expe r imen ta l  r e s u l t s  r e p o r t e d  i n  r e f e r e n c e s  1, 2 and 5 
as w e l l  as on computa t ions  u s i n g  t h e  methods of r e f e r e n c e s  9 t o  12. 
These t es t s  were conducted a t  a f r e e s t r e a m  Mach number of 2.50. 
T o t a l  p r e s s u r e  measurements were made upstream and downstream of  the 
shock impingement p o i n t s  on t h e  cowl and centerbody.  S t a t i c  p r e s s u r e  
measurements were also made a l o n g  cowl and centerbody f o r c e s .  I n  
a d d i t i o n ,  b leed  flow ra tes  were measured f o r  cowl and centerbody b l e e d  
3 




APPARATUS AND PROCEDURE 
Sect ion  2 .1  I n l e t  Geometry 
A n  axisymmetr ic  mixed compression i n l e t  w i t h  a d e s i g n  Mach number 
of 2.50 w a s  used i n  t h i s  s t u d y .  A t  t h e  d e s i g n  c o n d i t i o n ,  40% of t h e  
s u p e r s o n i c  area c o n t r a c t i o n  w a s  e x t e r n a l  and 60% w a s  i n t e r n a l .  The 
i n l e t  had a c a p t u r e  r a d i u s ,  Rc, of 23.65 c m  and a c a p t u r e  area, 
of 1757 s q u a r e  cm. The c a p t u r e  mass f low a t  t h e  d e s i g n  c o n d i t i o n  
w a s  13.52 kg/sec.  
assembly i n  p l a c e  of a n  engine.  A photograph of t h e  i n l e t  mounted i n  
t h e  t e s t  s e c t i o n  of t h e  NASA-Lewis 10' x 10' Supersonic  Wind Tunnel 
i s  shown i n  F i g u r e  2.1. 
AC , 
The i n l e t  was t e s t e d  w i t h  a cold-pipe choked p l u g  
The e x t e r n a l  compression w a s  accomplished w i t h  a 12.5" h a l f  a n g l e  
X 
cone which remained c o n i c a l  t o  a non-dimensional i n l e t  s t a t i o n ,  - R '  
of 2.88. The d i s t a n c e  x is measured a l o n g  t h e  c e n t e r l i n e  of t h e  
centerbody from t h e  s p i k e  up. A t  t h e  d e s i g n  Mach number, t h e  o b l i q u e  
shock wave genera ted  by the cone t i p  passed j u s t  over  t h e  cowl l i p  and 
0.25% of t h e  c a p t u r e  mass f low w a s  s p i l l e d .  
C 
F i g u r e  2.2 shows a 
s c h l i e r e n p h o t o g r a p h  of t h e  cone t i p  shock p a s s i n g  o v e r  t h e  cowl l i p .  
A t  t h e  d e s i g n  c o n d i t i o n ,  t h e  a n g l e  from t h e  cone t i p  t o  cowl l i p  was 
26.47" and t h e  shock a n g l e  was 26.72'. The cowl l i p  began a t  a n  
5 
S e c t i o n  2 . 3  B l e e d  System 
To s t u d y  t h e  b e h a v i o r  of  t h e  boundary l a y e r  under v a r y i n g  b l e e d  
c o n d i t i o n s ,  d i f f e r e n t  b l e e d  s e c t i o n s  were used,  The d i f f e r e n t  t y p e s  
of b leed  s e c t i o n s  w e r e  ' porous '  b l e e d ,  c o n s i s t i n g  of d i s c r e t e  rows of 
h o l e s ,  and a scoop. Each of  t h e  porous s e c t i o n s  had a d i f f e r e n t  h o l e  
diameter  o r  a n g l e  t o  t h e  s u r f a c e .  The a n g l e s  were 20' and 90" t o  t h e  
s u r f a c e  t a n g e n t  and t h e  h o l e  d i a m e t e r s  were 0.318 c m  and 0.159 c m .  
The r o w s  of h o l e s  were s t a g g e r e d  t o  provide  a more uniform b l e e d  
d i s t r i b u t i o n .  
The model w a s  c o n s t r u c t e d  t o  permi t  e a s y  removal and i i i terchange 
of t h e  b leed  s e c t i o n s .  
forward centerbody s e c t i o n ,  around t h e  f i r s t  shock-boundary l a y e r  
i n t e r a c t i o n  r e g i o n ,  and i n  t h e  forward cowl s e c t i o n ,  around t h e  
f i r s t  cowl shock-boundary l a y e r  i n t e r a c t i o n  r e g i o n .  Bleed was a l s o  
i n c o r p o r a t e d  i n t o  t h e  a f t  centerbody r e g i o n  around t h e  geometric t h r o a t  
of t h e  i n l e t .  The a f t  cea te rbody b l e e d  w a s  of  t h e  porous type and was 
n o t  changed d u r i n g  t h e  experiment .  The a f t  centerbody b l e e d  w a s  
These i n t e r c h a n g e a b l e  s e c t i o n s  were i n  t h e  
p r i m a r i l y  used t o  p r e v e n t  i n l e t  u n s t a r t  due t o  boundary l a y e r  s e p a r a t i o n .  
Each of t h e  porous i n t e r c h a n g e a b l e  s e c t i o n s  c o n s i s t e d  of rows o f  
h o l e s  of  e q u a l  d i a m e t e r  w i t h  t h e  h o l e s  i n  each row be ing  e q u a l l y  
spaced c i r c u m f e r e n t i a l l y .  
t h e  h o l e  d i a m e t e r s  o r  a n g l e s  were mixed. I n  a d d i t i o n .  t h e  d i s t a n c e  
between t h e  rows o f  b l e e d  h o l e s  f o r  a given b leed  s e c t i o n  remained 
c o n s t a n t  and t h e  measurements of l e n g t h  of  a b l e e d  s e c t i o n  was from 
t h e  c e n t e r  of  t h e  f i r s t  row of h o l e s  t o  t h e  center of  t h 2  l a s t  row o f  
There w e r e n ' t  any b l e e d  s e c t i o n s  i n  which 
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holes .  
I n  t h e  forward centerbody i n t e r a c t i o n  r e g i o n ,  t h e  20" s l a n t e d  
ho le s  and t h e  scoop t y p e s  of b l eed  c o n f i g u r a t i o n s  were used. 
of McLafferty and Ranard i n d i c a t e d  t h a t  a l a r g e r  amount of  mass f low 
could be  e x t r a c t e d  by u s i n g  s l a n t e d  h o l e s  i n  p l a c e  of  normal ones .  
The d a t a  
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Since  t h e  forward centerbody b leed  mass f low w a s  no t  p h y s i c a l l y  
s e p a r a t e d  from t h e  a f t  centerbody b l e e d  mass f low,  t h e  l a r g e s t  plenum 
p r e s s u r e  r ecove ry  b l eed  c o n f i g u r a t i o n  f o r  t h e  forward centerbody b l e e d  
w a s  needed. The d a t a  of r e f e r e n c e  6 i n d i c a t e d  t h a t  s l a n t e d  h o l e  b leed  
s e c t i o n s  would have a much h ighe r  plenum p r e s s u r e  r ecove ry  t h a n  normal 
h o l e  b l eed  s e c t i o n s  and t h i s  w a s  t h e  mot iva t ion  f o r  u s i n g  t h e  s l a n t e d  
h o l e  b l eed  c o n f i g u r a t i o n  i n  t h e  forward centerbody i n t e r a c t i o n  r eg ion .  
I n  a d d i t i o n ,  a n o z z l e  d i r e c t e d  downstream w a s  a t t a c h e d  t o  t h e  a f t  
centerbody b l e e d  r e g i o n  t o  t r y  and a l lev ia te  mixing between t h e  f o r -  
ward and a f t  cen terbody b leed  and p o s s i b l e  r e c i r c u l a t i o n  of t h e  a f t  
centerbody b l e e d  through t h e  forward centerbody b leed  r e g i o n .  The 
nozz le  and a f t  cen terbody b leed  r e g i o n  are shown i n  F igu re  2.6.  
The two minor axes of h o l e s  used i n  t h e  forward centerbody i n t e r -  
a c t i o n  r eg ion  were. 0,318 cm and 0.159 c m  and t h e s e  were a t  20" t o  t h e  
s u r f a c e  t a n g e n t .  The 0,159 c m  h o l e  b l eed  r eg ion  c o n s i s t e d  of  10 rows 
of  h o l e s  i n  an a l t e r n a t i n g  p a t t e r n  wi th  180 h o l e s  p e r  row. Th i s  b l e e d  
s e c t i o n  encompassed t h e  - d i s t a n c e  from 2.72 t o  2.92 as measured from 
t h e  c e n t e r  of t h e  f i r s t  row of  h o l e s  t o  t h e  c e n t e r  o f  t h e  l a s t  row 










per  row. These b l e e d  s e c t i o n s  are shown i n  F i g u r e  2.7a and b. 
An axisymmetr ic  scoop w a s  a l s o  used i n  t h e  forward centerbody 
i n t e r a c t i o n  r e g i o n .  The scoop h e i g h t  w a s  0.127 c m  and t h e  l e a d i n g  
X edge was l o c a t e d  a t  an l o c a t i o n  of 2.84. The scoop i s  shown i n  
Figure 2 . 7 ~ .  
The a f t  cen terbody b l e e d  c o n s i s t e d  of 5 rows of 0.318 c m  d iameter  
normal h o l e s  w i t h  221 h o l e s  p e r  row i n  a n  a l t e r n a t i n g  p a t t e r n .  T h i s  
b leed  s e c t i o n  w a s  l o c a t e d  from - = 3.37 t o  3.44. Again, t h e  a f t  




used mainly t o  p r e v e n t  boundary l a y e r  s e p a r a t i o n  and i n l e t  u n s t a r t .  
A n o z z l e  w a s  a t t a c h e d  t o  t h i s  b l e e d  s e c t i o n  as expla ined  p r e v i o u s l y  
and shown i n  F i g u r e  2.6. 
Bleed on t h e  cowl w a s  used i n  t h e  v i c i n i t y  of t h e  f i r s t  r e f l e c t e d  
shock i n t e r a c t i o n  r e g i o n .  Three d i f f e r e n t  b l e e d  s e c t i o n s  used were: 
(1) 1 0  rows of  0.318 c m  d iameter  h o l e s  normal t o  t h e  s u r f a c e  w i t h  
300 h o l e s  p e r  row, (2) 20 rows a t  0.159 c m  d iameter  h o l e s  normal t o  
t h e  s u r f a c e  w i t h  600 h o l e s  per  row and (3) 6 rows a t  0.318 c m  minor 
axis ho les  a t  20"  t o  t h e  s u r f a c e  t a n g e n t  w i t h  300 h o l e s  p e r  row w i t h  
a l l  b l c c d  s e c t i o n s  having rows i n  a n  a l t e r n a t i n g  p a t t e r n .  The 0.318 
c m  d iameter  normal h o l e  b l e e d  s e c t i o n  r a n  from a n  - l o c a t i o n  of  3.05 
t o  3.29, t h e  0.159 crn d iameter  normal bleed s e c t i o n  from - = 3.12 
t o  3.28 and t h e  0.3175 c m  minor axis s l a n t e d  h o l e s  from = 3.123 









To c o n t r o l  t h e  amount o f  b leed  on t h e  cowl and centerbody an 
a p p a r a t u s  used by Sanders  and M i t c h e l l  was a l s o  used i n  t h i s  expe r i -  
ment. Th i s  a p p a r a t u s  c o n s i s t e d  of two p a i r s  of p i p e s  t h a t  were f i t t e d  
over  t h e  b l e e d  e x i t  passages.  The amount of mass f low through each 
p i p e  w a s  c o n t r o l l e d  by remote ly  a c t u a t e d  c a l i b r a t e d  c o n i c a l  e x i t  
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p lugs  and t h e r e  w a s  one p a i r  of p i p e s  each f o r  cowl and centerbody.  
The centerbody b leed  p i p e s  were 17.47 cm i n  d i ame te r  and t h e  cowl 
p i p e s  had a d i ame te r  of 25.60 cm. One set  o f  t h e s e  p i p e s  i s  shown i n  
F igu re  2.1. 
The e f f e c t  o f  b l eed  l o c a r i o n ,  r e l a t i v e  t o  t h e  shock l o c a t i o n ,  
on t h e  boundary l a y e r  w a s  i n v e s t i g a t e d  by opening o r  c l o s i n g  rows of 
ho le s .  Three g e n e r a l  b l eed  h o l e  p a t t e r n s  were used i n  de te rmining  t h e  
e f f e c t i v e n e s s  of  b l eed  l o c a t i o n  re la t ive  t o  t h e  shock l o c a t i o n .  These 
t h r e e  g e n e r a l  p a t t e r n s  were rows of h o l e s  opened upstream of  t h e  shock 
r e f l e c t i o n ,  t h o s e  opened downstream of  t h e  shock r e f l e c t i o n  and those  
opened a c r o s s  t h e  shock r e f l e c t i o n .  
and t h e  number of rows of h o l e s  opened w a s  p r i m a r i l y  determined by 
t r y i n g  t o  o b t a i n  a s i g n i f i c a n t  range  of  bleed m a s s  f low rates. 
The t h r e e  t y p e s  were n o t  mixed 
A list of the l o c a t i o n s  of t h e  c e n t e r  of t h e  b l eed  h o l e s  i n  a row 
f o r  b l eed  s e c t i o n s  on t h e  centerbody and cowl a r e  p re sen ted  i n  Tables  
2-IV and 2-V r e s p e c t i v e l y .  
S e c t i o n  2.4 P r e s s u r e  Measurements 
S t a t i c  p r e s s u r e  measurements were made a long  cowl and centerbody 
s u r f a c e s  w i t h  t h e  wind t u n n e l ' s  DAMPR ( D i g i t a l  Automatic Mul t ip l e  
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P r e s s u r e  Recorder)  system. The system b a s i c a l l y  c o n s i s t s  o f  a p r e s s u r -  
i zed  t a n k  on which t u b i n g  from t h e  s t a t i c  t a p s  is  a t t a c h e d .  
s u l e  connected t o  a n  e l ec t r i c  s e n s i n g  system is  placed between t h e  
s t a t i c  p r e s s u r e  l i n e  on t h e  o u t s i d e  o f  t h e  t a n k  and h igh  p r e s s u r e  i n  
t h e  i n t e r i o r  of  t h e  tank.  The t a n k  i s  s l o w l y  d e p r e s s u r i z e d  and when 
t h e  unknown s t a t i c  p r e s s u r e  e q u a l s  t h e  t a n k  p r e s s u r e ,  a n  e l e c t r i c  
c i r c u i t  is  broken. The t i m e  o f  t h e  c u r r e n t  breakage i s  t h e n  r e c o r d e d  
and s t o r e d .  A f t e r  a l l  c a p s u l e  c i r c u i t s  are  broken,  t h e  d a t a  i s  
recovered and p r e s s u r e s  are  c a l c u l a t e d .  The b a s i c  DAMPR system con- 
s i s t e d  of  2 t a n k s  w i t h  a c a p a c i t y  o f  measuring 160 p r e s s u r e s  each. 
A d d i t i o n a l  in format ion  on t h e  DAMPR system may be found i n  r e f e r e n c e  1 4 .  
A cap- 
Most of  t h e  s t a t i c  p r e s s u r e  measurements w e r e  made on t h e  bottom 
c e n t e r l i n e  o f  t h e  i n l e t  w i t h  s t a t i c  p r e s s u r e  t a p s  i n  t h e  b l e e d  r e g i o n s  
s t a g g e r e d  c i r c u m f e r e n t i a l l y  so n o t  t o  b e  d i r e c t l y  behind a b l e e d  
ho le .  The - l o c a t i o n s  of  t h e  i n d i v i d u a l  p r e s s u r e  t a p s  on t h e  c e n t e r -  
body and cowl are g iven  i n  Tables  2 - V I  and 2 - V I 1  r e s p e c t i v e l y .  Note 
t h a t  t h e  number o f  s t a t i c  t a p s  f o r  t h e  d i f f e r e n t  b l e e d  s e c t i o n s  may 




T o t a l  p r e s s u r e  s u r v e y s  were taken  a t  t h e  compressor f a c e  t o  
measure t h e  t o t a l  p r e s s u r e  recovery  of t h e  i n l e t .  There were 6 r a k e s  
which conta ined  1 2  t o t a l  p r e s s u r e  t a p s  p e r  t a k e  a t  an - s t a t i o n  of  





The c r u x  of t h e  experiment was t h e  measurement of  boundary l a y e r  
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p r o f i l e s  b e f o r e  and a f t e r  t h e  shock-bmndary l a y e r  i n t e r a c t i o n  r e g i o n s .  
Surveys of  t h e  boundary l a y e r s  were made wi th  a t o t a l  of seven 
t r a v e r s i n g  t o t a l  p r e s s u r e  probes.  
on t h e  centerbody and t h r e e  on t h e  cowl. 
were l o c a t e d  a t  - s t a t i o n s  of 2.68, 3.04, 3.30 and 3.55 and a re  
r e f e r r e d  t o  as  Probes 1 t o  4 r e s p e c t i v e l y .  
were l o c a t e d  a t  - s t a t i o n s  of  3.01, 3.36 and 3.55 and are  r e f e r r e d  
t o  as Probes 5 t o  7 r e s p e c t i v e l y .  All probe  t i p s  were f l a t t e n e d  w i t h  
an i n n e r  h e i g h t  of 0.010 c m  and an  o u t e r  h e i g h t  o f  0.020 c m  w i t h  a 
width of 0.096 cm. A schemat ic  of a s i n g l e  probe i s  shown i n  F igu re  
2.9 and a view of probe l o c a t i o n s  r e l a t i v e  t o  t h e  t h e o r e t i c a l  shock 
impingement p o i n t s  i s  shown i n  F igu re  2.5. A photograph showing 
Probes 1 and 2 as w e l l  as t h e  centerbody b leed  r e g i o n s  i s  p r e s e n t e d  
i n  F igu re  2.10. Su r face  measurements of s t a t i c  p r e s s u r e s  a t  each  
a x i a l  probe t i p  l o c a t i o n  were made as w e l l  as s u r f a c e  t empera tu re  
measurements by thermocouples a l s o  a t  t h e s e  l o c a t i o n s .  
Four of t h e s e  probes  were l o c a t e d  
The centerbody probe  t i p s  
X 
RC 




The t r a v e r s i n g  boundary l a y e r  probes were made t o  s t e p  twenty- 
f i v e  t i m e s  th rough a g iven  d i s t a n c e ,  t a k i n g  twenty-s ix  d a t a  p o i n t s .  
The t o t a l  d i s t a n c e  of t ravel  w a s  determined b e f o r e  t h e  experiment  
began by t h e  approximate boundary l a y e r  t h i c k n e s s .  The approximate 
t o t a l  t r a v e l  d i s t a n c e  for Probes 1, 2 and 5 w a s  0.95 cm. f o r  Probes 
3 and 4 ,  0.76 cm and f o r  Probes 6 and 7 .  1 . 2 7  cm. The probe s t e p  
s i z e s  f o r  t h e  f i r s t  f i v e  s t e p s  were approximate ly  h a l f  t h e  s i z e  of  t h e  
las t  twenty s t e p s .  The s t e p  s i z e  of t h e  l a s t  twenty s t e p s  remained 
r e l a t i v e l y  c o n s t a n t  f o r  a given probe. 
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The f i r s t  d a t a  p o i n t  a c t u a l l y  t a k e n  corresponded t o  t h e  probe 
t i p s  r e s t i n g  on t h e  w a l l .  
r e s t i n g  on t h e  w a l l ,  a n  e l ec t r i ca l  c o n t a c t  method w a s  used which 
gave a v i s u a l  i n d i c a t i o n  when t h e  probe touched t h e  w a l l .  
To de termine  whether t h e  probes were a c t u a l l y  
The boundary l a y e r  probes w e r e  p laced  i n  d i f f e r e n t  c i r c u m f e r e n t i a l  
l o c a t i o n s  t o  avoid  wake e f f e c t s  from o t h e r  probes.  The c i r c u m f e r e n t i a l  
p o s i t i o n s  of  t h e  r e s p e c t i v e  probes  a r e  i n d i c a t e d  i n  Table  2-VI11 where 
0" was t h e  t o p  c e n t e r l i n e  of t h e  i n l e t .  
S i n c e  a p i t o t  tube  w a s  used i n  measuring t h e  t o t a l  p r e s s u r e  pro- 
f i l e  i n  t h e  boundary l a y e r ,  i t  w a s  n e c e s s a r y  t o  a s c e r t a i n  t h e  e f f e c t s  
o f  the shear layer and the presence of the wall on the pressure 
measurements. S p e c i f i c a l l y ,  w a s  t h e  p r e s s u r e  measured t h a t  on t h e  
a x i s  of  t h e  p i t o t  tube?  There have been s t u d i e s  done on t h e  behavior  
of  p i t o t  t u b e s  i n  incompress ib le  f low by Young and Maas15 and McMillan 
and i n  compress ib le  f low by Al len  , Wilson , and Wilson and Young . 
The s t u d i e s  i n  compress ib le  f low have been somewhat c o n f l i c t i n g  and 
have y e t  t o  b e  f u l l y  r e s o l v e d .  S e v e r a l  o f  t h e  r e s e a r c h e r s  have given 
c o r r e c t i o n s  t o  t h e  a c t u a l  measurement p o i n t  which involved  d e f i n i n g  
a new measurement p o i n t ,  which w a s  u s u a l l y  h i g h e r  t h a n  t h e  c e n t e r  of 
t h e  probe. T h i s  c o r r e c t i o n  was used i n s t e a d  of t r y i n g  t o  c o r r e c t  
t h e  measured p r e s s u r e  t o  t h a t  a t  t h e  probe c e n t e r .  I n  a l l  c a s e s  con- 
s i d e r e d ,  t h e  mc>nsured p r e s s u r e  corresponded t o  a p r e s s u r e  somewhere 
w i t h i n  t h e  probe opening,  I n  p a r t i c u l a r ,  Wilson and Young have 
concluded t h a t  a t  Mach 2 . 0  t h e  aerodynamic i n t e r f e r e n c e  o f  a p i t o t  
t u b e  was n e g l i g i b l e  when t h e  o u t s i d e  diameter  of t h e  p i t o t  t u b e  was 
16  , 
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less than  6% of  t h e  boundary l a y e r  t h i c k n e s s .  
A f t e r  examining t h e  d a t a  p re sen ted  i t  was decided t o  make a 
c o r r e c t i o n  t o  t h e  probe measurement p o i n t .  The c o r r e c t i o n  used was 
t o  add 0.00152 c m  t o  t h e  probe c e n t e r l i n e  and t h i s  was used as  t h e  
measurement p o i n t .  It should  b e  noted  t h a t  i n  a l l  c a s e s  except  f o r  
extremely l a r g e  b l eed  rates on t h e  cowl, t h e  o u t s i d e  h e i g h t  of  t h e  
p i t o t  t u b e  w a s  less than  6% of t h e  boundary layer  t h i c k n e s s  and t h a t  
t h e  c o r r e c t i o n  used had very  l i t t l e  e f f e c t  on computation o f  boundary 
l a y e r  parameters .  
S e c t i o n  2.5 T e s t i n g  Procedure and I n l e t  Operat ion 
The experiment  w a s  conducted i n  t h e  NASA-Lewis Research Center  
1O-by 10-Foot Supersonic  Wind Tunnel a t  a t e s t  s e c t i o n  Mach number 
of 2.50. Data were taken  a t  two u n i t  Reynolds numbers of  8 . 2  and 
5.75 x 10 
number w i l l  be  p re sen ted .  
6 p e r  meter a l though  o n l y  t h e  d a t a  f o r  t h e  h ighe r  Reynolds 
The i n l e t  was ope ra t ed  i n  two modes of t e rmina l  shock p o s i t i o n .  
I n  t h e  s u p e r c r i t i c a l  mode, t h e  t e r m i n a l  shock was positioned down- 
stream of t h e  geometr ic  t h r o a t  w h i l e  i n  t h e  c r i t i c a l  mode t h e  t e r m i n a l  
shock w a s  he ld  a t  t h e  geometr ic  t h r o a t .  Most of t h e  d a t a  were taken  
i n  t h e  s u p e r c r i t i c a l  mode because  t h e  t e rmina l  shock w a s  much more 
s t a b l e  f o r  l owbleed  ra tes ,  The d i f f e r e n c e  between t h e  two modes 
was t h a t  t h e  shock waves were al lowed t o  r e f l e c t  p a s t  t h e  geometr ic  
t h r o a t  i n  t h e  s u p e r c r i t i c a l  mode w h i l e  t h e  shock s y s t e m  te rmina ted  
a t  t h e  t h r o a t  i n  t h e  c r i t i c a l  mode. 
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The t e s t i n g  procedure  w a s  t o  se t  t h e  b leed  p i p e  e x i t  p l u g s  t o  
o b t a i n  maximum mass f low through t h e  b leed  r e g i o n s  once t h e  i n l e t  
was a t  t h e  d e s i g n  Mach number. Then t h e  centerbody b l e e d  p i p e  e x i t  
p lugs  were g r a d u a l l y  c l o s e d  and d a t a  were taken.  The procedure  w a s  
repea ted  u n t i l  e i t h e r  i n l e t  u n s t a r t  w a s  imminent o r  e lse  t h e r e  w a s  no 
b leed  mass f low.  The centerbody b leed  mass f low w a s  t h e n  i n c r e a s e d  
and t h e  same procedure  w a s  fol lowed on t h e  cowl. 
Sec t ion  2 . 6  Data Reduct ion Procedure 
The d a t a  were acqi l i red and reduced u s i n g  t h e  NASA-Lewis Research 
Center a u t o m a t i c  d z t a  r e d u c t i o n  system t o g e t h e r  w i t h  t h e  d a t a  r e d u c t i o n  
computer program used by p r i o r  i n v e s t i g a t o r s  ( r e f .  1 and 2 )  b u t  
modif ied s l i g h t l y  f o r  t h e  needs  of t h e  p r e s e n t  t a s k .  The d a t a  h a n d l i n g  
system inc luded  d i g i t i z i n g  and permanently r e c o r d i n g  a l l  t h e  d a t a .  
P r e s s u r e  measurements were made by t h e  DAIQR system, e x p l a i n e d  i n  
s e c t i o n  2 . 4 ,  and were a u t o m a t i c a l l y  d i g i t i z e d  and recorded  by t h e  
CADDE ( C e n t r a l  Automatic D i g i t a l  Data Encoder) system. Data t a k e n  
by v o l t a g e  measurements were f i r s t  d i g i t i z e d  by t h e  AVD (Automatic 
Voltage D i g i t i z e r )  system t h e n  recorded by CADDE. The CADDE system 
permanently recorded  t h e  d i g i t i z e d  informat ion  on magnet ic  t a p e  and 
t h e s e  d a t a  were i n  t u r n  s e n t  t o  a n  IBM 360 D i g i t a l  Computer t o  be 
processed.  More i n f o r m a t i o n  on t h e  au tomat ic  d a t a  r e d u c t i o n  system 
i s  p r e s e n t e d  i n  r e f e r e n c e  1 4 .  
The d i g i t i z e d  d a t a  recorded  by CADDE and processed  on t h e  IUE.1 
360 could t h e n  b e  s e n t  back t o  t h e  r e s e a r c h e r s  and d i s p l a y e d  b y  
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means of a F a x - p l o t t e r  and t a b u l a t e d  by an au tomat ic  t y p e w r i t e r .  
I n  a d d i t i o n ,  key p r e s s u r e  and model parameter  measurements were 
d u p l i c a t e d  and t h e  r e s u l t s  d i s p l a y e d .  These were t c t a l l y  independent 
of  t h e  au tomat ic  d a t a  r e d u c t i o n  system and w e r e  o b t a i n e d  as a s a f e -  
guard a g a i n s t  a f a i l u r e  i n  t h a t  system. 
A f t e r  t h e  d a t a  were taken ,  d i g i t i z e d  and recorded  f o r  a given 
test c o n d i t i o n ,  i t  w a s  s e n t  from CADDE t o  t h e  d i g i t a l  computer. A s  
f u l l  on l i n e  d a t a  r e d u c t i o n  and p r i n t i n g  were v e r y  cumbersome and 
t i m e  consuming, t h e  d a t a  were s e l e c t i v e l y  reduced and t h e s e  r e s u l t s  
were p r i n t e d  by a remote t e r m i n a l .  The s e l e c t i v e  d a t a  r e d u c t i o n  
computation o p t i o n s  inc luded  p r e s e l e c t e d  s t a t i c  and t o t a l  p r e s s u r e s ,  
boundary l a y e r  Mach number and v e l o c i t y  p r o f i l e s  and i n t e g r a l  para- 
meters. 
A f t e r  a l l  of t h e  d a t a  f o r  a g i v e n  b l e e d  geometry had been t a k e n ,  
t h e y  were i n p u t t e d  i n t o  t h e  d i g i t a l  computer t o  be  reduced. A complete 
o u t p u t  of a l l  c a l c u l a t i o n s  was t h e n  r e c e i v e d  f o r  c l o s e  i n s p e c t i o n .  
The d a t a  r e d u c t i o n  program computed and p r i n t e d :  
(1 )  S t a t i c  and t o t a l  p r e s s u r e s  
(2)  Boundary l a y e r  Mach number, t empera ture  and v e l o c i t y  
( 3 )  Boundary l a y e r  i n t e g r a l  parameters  
( 4 )  Compressor f a c e  t o t a l  p r e s s u r e  recovery  and d i s t o r t i o n  
(5) Model parameters  (such as  a n g l e  of a t t a c k )  
(6) Wind Tunnel parameters  (such a s  u n i t  Reynolds number) 
( 7 )  I n l e t  and Bleed Mass Flows 
p r o f i l e s  
The assumptions made i n  t h e  boundary l a y e r  c a l c u l a t i o n s  a r e  enumerated 
i n  Appcmdix A .  Also,  t h e  compressor t o t a l  p r e s s u r e  recovery  c a l c u l -  
a t i o n s  were done by a mass f low weighted averaging .  
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TABLE 2-1 
INLET CONTOUR EQUATIONS 
x 2  x 3  R = a + a (- X + a 2 ( E  1 + a 3 ( x  ) 
C C C 




3 Distance a 2 a 1 a a 0 
0 0 . 2 2 1 6 9  0 0 0 -. 11?56 -. 3 6 8 6 8 2  0 .24482  -. 045077  2 . 8 7 3  
-60.1714 6 7 . 6 8 3  -18 .849  1 .7467  3 .435  
9 .0579 -6 .3711  1 .6356 -0 .14195  3 . 6 5 0  
- .54987 0 . 9 7 2 2  -0 .23265  0 . 0 1 6 2 6 4  4 . 0 7 9  
-1.0072 1 . 1 1 9 8  -0 .23362 0 .014197  4 . 7 2 4  
Cowl Coefficients 
1,000 0 
0 .63207  0 . 3 3 5 4 1  
0 .79107 0 . 2 1 4 5 4  
6 .3449  - 4 . 2 4 5 2 3  
7 . 3 7 5 3  -4 .5529 
2 .3502 - 0 . 8 6 9 6 3  
1 .3465 -8 .2013  










0 .0049357  
0 . 0 0 3 6 6 2 2  
-0 .10095  
-0 .085642  
-0 .01255 7 
- 0 . 0 1 2 9 4 3  
0 .010736  
2 .009  
2 .397  
2 . 8 8 3  
3 . 5 4 3  
3 .865  
4 .079  
4 . 2 9 4  
4 . 8 6 3  
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TABLE 2-11 
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3D OF CHAR-ZTERISTICS PRESSURE DISTRIBUTION ON THE COWL 
E - X M E 
Po P o  C 
R M 
2.009 
2 . 0 9 1  
2 . 1 7 1  
2 . 2 4 8  
2 .321  
2 . 3 9 1  
2 .457  
2 . 5 2 1  
2 .582  
2 .640  
2.696 
2 . 7 4 8  
2 . 7 9 8  
2 . 8 4 5  
2 . 8 7 1  
2 .910  
2 . 9 4 3  
2 .977  
3 .009  
3 .039  
3 . 0 6 7  
2 . 1 7  
2 .12  
2 .09  
2 .07  
2 .04  
2 . 0 2  
2 . 0 1  
1 . 9 6  
1 . 9 3  
1 . 9 1  
1.88 
1 . 8 6  
1 .83  
1.81 
1 .80  
1 . 7 8  
1 . 7 6  
1 . 7 5  
1 . 7 5  
1 . 7 4  





. I 1 9  
. 1 2 3  
.126  
. 1 3 0  
. 1 4 2  
. 1 4 7  
.152 
. 159  
.165 
. 1 7 1  




. 1 8 9  
. 1 9 1  
. 1 9 3  
3 . 0 9 3  
3.118 
3 . 1 4 1  
3 .164  
3.185 
3 .205  
3 .224  
3 . 2 4 3  
3 . 2 6 2  
3 . 2 8 5  
3.308 
3 . 3 3 2  
3.355 
3 .379  
3 .404  
3 .429  
3 .454  
3 . 4 7 8  
3 .504  
3 . 5 2 3  
3 .542  
3 . 5 6 1  
1 . 7 2  
1 . 7 1  
1 . 7 0  
1 . 6 8  
1 . 6 7  
1 . 6 6  
1 . 6 4  
1 . 6 3  
1 . 2 3  
1 . 2 3  
1 . 2 5  
1 . 2 5  
1 . 2 2  
1 . 2 1  
1 . 2 0  
1 . 1 9  
1 . 2 1  
1 . 2 3  
1 . 2 4  
1 . 2 6  
1 . 2 7  
1 . 2 9  
.196  
.199  
. 2 0 3  
. 2 0 7  
. 2 1 1  
. 2 1 5  
.220  
.224  
. 3 9 2  
. 3 9 5  
- 3 8 4  
.386  
. 4 0 0  
.404 
. 407  
. 4 1 6  




. 3 7 3  
. 3 6 1  
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TABLE 2-IV 
CENTERBODY BLEED HOLE POSITIONS 
















2 .715  
2 . 7 4 1  
2 .765  
2 .789  
2 .813  
2 .837  
2 .862  
2 .886  
2.910 
2 .934  
2 .728  
2 .777  
2 .825  
2 .873  
2 .922  








COWL BLEED HOLE DISTRIBUTION 
























1 2  
1 3  









































Table 2-V, cont'd. 
Slanted Holes (0.318 cm minor ax i s )  
Row X - 
C 
R 
3 . 0 5 0  
3 . 0 9 8  
3 .146  
3 .195  
3 . 2 4 3  
3 . 2 9 1  
111, x J W  - posi t ions  are given for the center of the bleed hole .  
Rc 
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1 2  
13  
1 4  
1 5  
1 6  




2 .524  
2 . 5 7 8  
2 . 6 2 1  
2 .728  
2.774 
2.825 
2 .873  
2 .922  
2 . 9 4 3  
2 .965  
2 .986  
3.008 
3 . 0 6 1  
3 .115  
3 . 1 5 8  
3 .179  
Tap Number 
1 7  
18 
1 9  
20 
2 1  
22 









3 2  
PROBE STATIC TAP LOCATIOK 
Probe 
2 .686  
3 .039  
3 . 3 0 3  





3 .222  
3 .224  
3 .265  
3 .316  
3.334 
3.351 
3 .369  
3 .397  
3.404 
3 . 4 2 1  
3 .440  
3 .459  
3.502 
3 .523  
3.588 
S t a t i c  t a p  l o c a t i o n s  on ly  g iven  f o r  scoop and small  s l a n t e d  h o l e  
b l e e d  p i e c e s .  
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1 2  
1 3  
1 4  
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PROBE STATIC TAP LOCATIONS 





Column A gives t h e  E 
w h i l e  Column B gives t h e  - 
l o c a t i o n s  f o r  b o t h  normal h o l e  b l e e d  r e g i o n s  
Rc X 
Rc 
l o c a t i o n  f o r  t h e  s l a n t e d  h o l e  b l e e d  r e g i o n .  
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Probe 
TABLE 2 - V I I I  
AXIAL AND CIRCUMFERENTIAL PITOT PROBE LOCATIONS 












1 8 0  
1 6 7 . 5  
1 4 6 . 2 5  
191.25  


















Figure  2.2 Sch l i e ren  Photograph of t h e  I n l e t  Showing 
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I ‘318 cm I ,238 cm 0 0 
- -  - 2.92 
R 
X - -  - 2.73 
R 
C 
F i g u r e  2.7a Forward Centerbody Bleed Region (Large S l a n t e d  Holes)  
- 2.93 X _ -  
C 
R 
F igure  2.7b Forward Centerbody Bleed Region (Small  S l a n t e d  Holes)  
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X - = 2.84 
Rc 
Figure Figure 2.7~ Forward Centerbody Bleed  Region (Scoop) 
x 
- I  3.13 R 
C 
I 
X - 3.28 R 
C 
Figure 2.8a Cowl Bleed Region (Large Normal Holes) 
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X - = 3.13 
Rc 
I 
- _  * - 3.29 
C 
R 
F i g u r e  2.8b Cowl Bleed Region (Small Normal Holes) 
U 
Lf .238 cm 0 f -318 cm 0 
3.05 - _  x _  
C 
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RESULTS AND DISCUSSION 
The r e s u l t s  of t h e  experiment are p resen ted  i n  t h r e e  s e c t i o n s ;  
t h e  centerbody and cowl shock boundary l a y e r  i n t e r a c t i o n s  and com- 
p res so r  f a c t  t o t a l  p r e s s u r e  in fo rma t ion .  The shock-boundary l a y e r  
d a t a  c o n s i s t s  of boundary l a y e r  i n t e g r a l  parameters ,  edge Mach numbers, 
b l eed  mass f low rates and to ta l  arid w a l l  t empera tures  b e f o r e  and 
a f t e r  each of t h e  i n t e r a c t i o n  r e g i o n s .  Represen ta t ive  sets of bound- 
a r y  l a y e r  v e l o c i t y  p r o f i l e s  have a l s o  been inc luded .  
Sec t ion  3 .1  Centerbody Shock-Boundary Layer I n t e r a c t i o n s  
I n l e t  o p e r a t i o n  i n  t h e  s u p e r c r i t i c a l  mode involved s e v e r a l  
shock-boundary l a y e r  i n t e r a c t i o n s  but  on ly  t h e  f i r s t  and second i n t e r -  
a c t i o n s  on t h e  centerbody,  namely t h o s e  upstream of t h e  geometr ic  
t h r o a t ,  were i n v e s t i g a t e d .  The boundary l a y e r  on t h e  centerbody w a s  
surveyed b e f o r e  and a f t e r  each of t h e  two i n t e r a c t i o n s  by Probes 1 t o  
4 a t  r e s p e c t i v e  - l o c a t i o n s  of 2 . 6 8 5 ,  3 . 0 3 9 ,  3 . 3 0 3  and 3 . 5 5 7 .  The 
shock impingement l o c a t i o n s  as c a l c u l a t e d  by t h e  method of Reference 1 2  
were r e s p e c t i v e l y  a t  - v a l u e s  of 2 . 8 8  and 3 . 4 8  f o r  t h e  f i r s t  two 




One of t h e  f e a t u r e s  of a shock-boundary l a y e r  i n t e r a c t i o n  i s  t h e  
sp read ing  of  t h e  p r e s s u r e  r i s e ,  due t o  t h e  shockwaves, upstream and 
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downstream f o r  several bouudary l a y e r  t h i c k n e s s e s .  Th i s  p ropaga t ion  
of h ighe r  p r e s s u r e  upstream i s  accomplished p r i m a r i l y  i n  t h e  subsonic  
p o r t i o n  of  t h e  boundary l a y e r .  This is a complex phenomenon and very  
l i t t l e  a n a l y t i c a l  work has  been done i n  t h i s  area p a r t i c u l a r l y  where 
e f f e c t s  of b l eed  are cons idered .  
It w a s  found t h a t  t h e  placement of t h e  b l eed  r e g i o n  r e l a t i v e  t o  
t h e  shock-induced p r e s s u r e  d i s t r i b u t i o n  had a s i g n i f i c a n t  e f f e c t  on 
t h e  s t a t e  of t h e  boundary l a y e r  downstream of  t h e  i n t e r a c t i o n  r eg ion .  
The centerbody s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  f o r  Runs 2 t o  6 and Run 10 ,  
p re sen ted  i n  F i g u r e s  3 .1  t o  3 . 6  r e s p e c t i v e l y ,  show t h e  c h a r a c t e r i s t i c  
sp read ing  of t h e  shock-wave p r e s s u r e  rise. A l s o  i n d i c a t e d  on the  
f i g u r e s  i s  t h e  l e n g t h  and l o c a t i o n  of t h e  forward and a f t  cen terbody 
b leed  r e g i o n s  as measured from t h e  l e a d i n g  edge of t h e  f i r s t  row of 
h o l e s  t o  t h e  t r a i l i n g  edge o f  t h e  l as t  open row of ho le s .  The a f t  
cen terbody b l e e d  s e c t i o n  w a s  n o t  changed d u r i n g  t h e  experiment wh i l e  
t h e  forward centerbody b leed  c o n f i g u r a t i o n  w a s  v a r i e d .  The l e n g t h s  
of  b l eed  r e g i o n s  are  summarized i n  Table  3-1. The b l eed  h o l e  con- 
f i g u r a t i o n s  f o r  t h e  forward centerbody b l e e d  r e g i o n  a r e  p re sen ted  
g r a p h i c a l l y  i n  F igu re  3.7. There were several d i f f e r e n t  downstrean 
(DS) b l e e d  c o n f i g u r a t i o n s  used i n  t h e  forward centerbody and t h e s e  
were l a b e l l e d  DS A,  DS B and DS C i n  Runs 2 , 3 ,  and 5 r e s p e c t i v e l y .  
A comparison of t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  of  Run 2 ,  
b l eed  c o n f i g u r a t i o n  DS A ,  wi th  t h a t  p r e d i c t e d  by t h e  method of 
c h a r a c t e r i s t i c s  s o l u t i o n  of Reference  1 2  i s  shown i n  F igu re  3.8. 
Also inc luded  i n  t h e  f i g u r e  a r e  t h e  shock impingement p o i n t s  c a l -  
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c u l a t e d  by t h e  6* added method p r e v i o u s l y  mentioned. The on ly  b l eed  
c o n f i g u r a t i o n  t h a t  seemed t o  minimize t h e  e x t e n t  of sp read ing  of  t h e  
shock induced p r e s s u r e  r ise w a s  t h e  scoop b leed  c o n f i g u r a t i o n .  The 
scoop b leed  removed a s i g n i f i c a n t  p o r t i o n  of t h e  boundary l a y e r  a t  
. o n e  l o c a t i o n  and t h e  r e s u l t i n g  new boundary l a y e r  minimized t h e  
t h i c k n e s s  of any subson ic  r e g i o n  through which an  upstream i n f l u e n c e  
could  propagate .  
S e c t i o n  3.1.1 F i r s t  I n t e r a c t i o n  Region 
Only t h e  d a t a  f o r  t h e  smaller s l a n t e d  h o l e  b l eed  series, 
0.159 c m  minor axis, and t h e  scoop b l e e d  c o n f i g u r a t i o n  i n  t h e  f i r s t  
i n t e r a c t i o n  are p resen ted  d u e  t o  a change i n  t h e  Probe 1 boundary 
l a y e r  f o r  t h e  l a r g e r  s l a n t e d  h o l e  b l eed  series (0.318 cm minor a x i s ) .  
I n  t h e  smaller s l a n t e d  h o l e  b l e e d  series, several of t h e  DS b l e e d  
c o n f i g u r a t i o n s  were used ,  DS A, DS B ,  and DS C i n  Runs 2 , 3  and 5 - 
r e s p e c t i v e l y ,  w h i l e  o n l y  s i n g l e  across-shock (AS) and upstream (US) 
b l eed  c o n f i g u r a t i o n s ,  Runs 4 and 6 r e s p e c t i v e l y ,  were t e s t e d .  
X The veloc i ty  prof i l e  at Probe 1, at an - location of 2.685, 
which w a s  upstream of t h e  f i r s t  cen terbody i n t e r a c t i o n  r e g i o n ,  i s  
Re 
shown i n  F i g u r e  3.9. The edge  Mach number w a s  2.09 and t h e  t r a n s -  
formed form f a c t o r ,  
momentum t h i c k n e s s e s ,  6* and 8 ,  were 0.096 c m  and 0.030 c m  res- 
w a s  1.26. The compress ib le  d isp lacement  and Htr 9 
p e c t i v e l y .  The w a l l  t empera tu re  o f  297°K w a s  ve ry  c l o s e  t o  t h e  
a d i a b a t i c  w a l l  t empera ture .  I n  comparison, c a l c u l a t i o n s  by t h e  
method of Reference  9 y i e l d  a n  H , 6* and 8 of 1.30,  0.134 cm and 
t r  
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0.0381 c m  r e s p e c t i v e l y .  
The d a t a  a t  Probe 1 showed s l i g h t  v a r i a t i o n s  i n  H 6*  and 8 
f o r  t h e  d i f f e r e n t  b l e e d  c o n f i g u r a t i o n s  and f o r  d i f f e r e n t  mass f low 
rates. For a g iven  b l e e d  c o n f i g u r a t i o n ,  i n c r e a s i n g  t h e  b l e e d  m a s s  
t r ’  
flow i n  t h e  forward centerbody b leed  r e g i o n  had t h e  tendency t o  
s l i g h t l y  d e c r e a s t  H 6*  and 8 a t  Probe 1. For example, i n  Run 5 ,  
6*, 0 and Htr  were .095 c m ,  .030 c m  and 1.26 r e s p e c t i v e l y  a t  a b leed  
rate of 41% of 
and H were .lo0 c m ,  .032 c m  and 1.27 r e s p e c t i v e l y .  
t r’  
w h i l e  a t  a b l e e d  ra te  of 11.3% of %L , 6*, 3 
%Ll  1 
t r  
The v a r i a t i o n  of  t h e  t ransformed form f a c t o r ,  H t r ,  w i t h  b l e e d  
mass flow a t  Probe 2 is shown i n  F i g u r e  3.10. Also shown i n  F i g u r e  
3.10 i s  t h e  t h e o r y  of  References  9 and 10. The scoop b leed  model 
w a s  used i n  t h e  i n t e r a c t i o n  f o r  a l l  b l eed  r eg ions .  V e r i f i c a t i o n  t h a t  
t h e  scoop b l e e d  model may be used f o r  a l l  b l eed  r e g i o n s  can be  
found i n  Reference  24. Probe 2 was downstream of t h e  f i r s t  i n t e r -  
a c t i o n  r e g i o n  a t  an - l o c a t i o n  of 3.04. The b l eed  mass f low,  X 
Rc MBLEED, ha s  been non-dimensionalized by t h e  boundary l a y e r  m a s s  
f low a t  Probe 1, M . The boundary l a y e r  mass f low a t  Probe 1 
BL, A 
was 0.242 k g l s e c  which corresponded t o  1.87% of t h e  c a p t u r e  mass 
flow. The e q u a t i o n  used t o  c a l c u l a t e  t h e  boundary l a y e r  mass f low 
i s  shown below. 
6 
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This  equa t ion  is v a l i d  when t h e  boundary l a y e r  t h i c k n e s s ,  6 ,  i s  much 
smaller than  t h e  l o c a l  centerbody r a d i u s ,  R. Also i n  e q u a t i o n  (3.1) 
p and U. r e f e r  t o  t h e  d e n s i t y  and v e l o c i t y  r e s p e c t i v e l y  a t  t h e  
edge of t h e  boundary l a y e r  and 6* is  t h e  compress ib le  d isp lacement  
e c 
t h i ckness .  
The t ransformed form f a c t o r ,  H , a t  Probe 2 v a r i e d  smoothly t r  
f o r  a l l  b l eed  c o n f i g u r a t i o n s  t e s t e d  and i n  most cases a s y m p t o t i c a l l y  
reached a minimum va lue .  Th i s  p l a t e a u  w a s  g e n e r a l l y  reached a t  a 
b l eed  mass f low o f  30% t o  40% of t h e  Probe 1 boundary l a y e r  mass 
flow but  t h e  v a l u e s  of t h e  p l a t e a u  form f a c t o r s  were no t  n e c e s s a r i l y  
t h e  same f o r  t h e  d i f f e r e n t  b l eed  c o n f i g u r a t i o n s .  The p o s i t i o n  re- 
p r e s e n t i n g  30% of t h e  boundary l a y e r  mass flow is shown on t h e  Probe 1 
boundary l a y e r  v e l o c i t y  p r o f i l e ,  F igu re  3.9. Very l i t t l e  change i n  
t h e  t ransformed form factors a t  Probe 2 were ob ta ined  f o r  b l e e d  mass 
f lows  l a r g e r  t h a n  t h o s e  needed t o  r e a c h  t h e  p l a t e a u .  
The e f f e c t  o f  b l e e d  i n  t h e  f i r s t  cen terbody i n t e r a c t i o n  r eg ion  
on t h e  v e l o c i t y  p r o f i l e s  of  t h e  Probe 2 boundary l a y e r  i s  i l l u s t r a t e d  
i n  F igu res  3-11 a-h. The d a t a  are tha t  of Run 2 ,  t h e  DS A b l e e d  
c o n f i g u r a t i o n ,  w i t h  a b l eed  mass f low rang ing  from 2.5% t o  60% of  t h e  
boundary l a y e r  mass f low a t  Probe 1. With b l eed  ra tes  g r e a t e r  than  
30% of t h e  , t h e  v e l o c i t y  p r o f i l e s  showed l i t t l e  change i n  
shape b u t  t h e  t h i c k n e s s e s  became p r o g r e s s i v e l y  smaller, w h i l e  f o r  
lesser b l e e d  rates the v e l o c i t y  p r o f i l e s  were also less f u l l .  
t r e n d  w a s  r e f l e c t e d  i n  t h e  t ransformed form f a c t o r s  as t h e  H t r  f o r  
Th i s  
4 3  
a b leed  mass f low a t  60% w a s  1.32 w h i l e  t h e  H f o r  a b l eed  mass 
flow of  2.5% w a s  1.43. 
tr 
Th i s  p o i n t s  o u t  t h a t  t h e  removal of more t h a n  t h e  low momentum 
p o r t i o n  of t h e  boundary l a y e r  by b l e e d i n g  i s  unnecessary  as  f u r t h e r  
b l eed  gave l i t t l e  o r  no f u r t h e r  d e c r e a s e  i n  t h e  t ransformed form 
f a c t o r .  I n  g e n e r a l ,  removal of more t h a n  approximate ly  35% of 
t h e  Probe 1 boundary l a y e r  mass f low o r  0.6% of  t h e  c a p t u r e  m a s s  
f low could  be cons ide red  as  ove rb leed ing .  
To b e  noted  a l s o  i n  F igu re  3.10, i s  t h a t  t h e  c o n s i s t e n t l y  
l a r g e s t  form f a c t o r s  f o r  a given b l e e d  ra te  were ob ta ined  by u s i n g  
t h e  AS b l e e d  c o n f i g u r a t i o n  of Run 4 .  T h e  centerbody s t a t i c  p r e s s u r e  
d i s t r i b u t i o n  f o r  Run 4 ,  Figure  3.3, showed t h a t  t h e  b l eed  r e g i o n  
spanned t h e  e n t i r e  shock induced p r e s s u r e  r ise  t h u s  some amount of 
r e c i r c u l a t i o n  from t h e  h igh  p r e s s u r e  s i d e  t o  low p r e s s u r e  s i d e  of 
t h e  b l eed  r e g i o n  may have been p r e s e n t .  The r e c i r c u l a t i o n  would 
have i n c r e a s e d  t h e  form f a c t o r s  and o t h e r  i n t e g r a l  parameters  and 
decreased  t h e  e f f e c t i v e n e s s  of  t h e  b l eed .  I n  g e n e r a l ,  t h e  DS b l e e d  
c o n f i g u r a t i o n s  of Runs 2 ,  3 and 5 provided  t h e  lowes t  form f a c t o r s  
f o r  a g iven  b l e e d  r a t e  wi th  t h e  US b l eed  c o n f i g u r a t i o n  of Run 6 
and t h e  A S  b leed  c o n f i g u r a t i o n  of Run 4 r e s p e c t i v e l y  h ighe r .  A 
seeming anomaly occur red  between Run 4 ,  AS, and Run 5,  DS C w i t h  
s i x  rows of  h o l e s  open, as t h e  l o c a t i o n  of t h e  b l eed  r e g i o n s  w a s  
a lmost  i d e n t i c a l .  However, an  i n s p e c t i o n  of t h e  s t a t i c  p r e s s u r e  
d i s t r i b u t i o n s  r e v e a l e d  t h a t  a much more s e v e r e  adve r se  p r e s s u r e  
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rise occurred  i n  Run 4 than  i n  Run 5. The s t a t i c  p r e s s u r e  r a t i o  
a c r o s s  t h e  b l e e d  r e g i o n  w a s  2 . 4  f o r  Run 4 compared t o  1 . 4  i n  Run 5. 
These daca p o i n t  o u t  t h a t  t h e  l o c a t i o n  of  t h e  bleed r e g i o n  r e l a t i v e  
t o  t h e  shock-induced p r e s s u r e  d i s t r i b u t i o n  and t h e  magnitude of 
t h a t  local p r e s s u r e  g r a d i e n t  are ve ry  impor tan t  i n  de te rmining  t h e  
c h a r a c t e r i s t i c s  of t h e  boundary l a y e r  downstream of t h e  i n t e r a c t i o n  
region.  
I n  Runs 2 and 3 DS A and DS B r e s p e c t i v e l y ,  t h e  b l eed  r e g i o n s  
were p laced  downstream of t h e  major p o r t i o n  of t h e  shock-induced 
p r e s s u r e  rise. For Run 2 ,  t h e  l a s t  f o u r  rows of h o l e s  w e r e  open, 
whi le  f o r  Run 3, t h e  l a s t  two of t h e s e  rows were c losed  and on ly  t h e  
p r i o r  two rows of  h o l e s  were open ( s e e  f i g u r e  3.7).  The d a t a  f o r  
t h e s e  b l eed  r e g i o n s  w e r e  a l n o s t  i d e n t i c a l  bu t  w i th  more b leed  capa- 
b i l i t y  i n  Run 2 .  The p l a t e a u  t ransformed form f a c t o r s  f o r  both Runs 
2 and 3 were approximate ly  1.30 - 1.33. The d a t a  f o r  Run 5 ,  DS C 
w i th  t h e  l a s t  s i x  rows of h o l e s  open show t h e  same behavior  as t h e  
o t h e r  two DS b l eed  c o n f i g u r a t i o n s .  Ev iden t ly ,  t h e  two rows of 
open h o l e s  i n  Run 3, DS B, are s u f f i c i e n t  f o r  ach iev ing  t h e  p l a t e a u  
i n  H . t r  
The US b leed  c o n f i g u r a t i o n  w a s  used i n  Run 6 and t h e  s t a t i c  
p re s su re  d i s t r i b u t i o n ,  F igu re  3.5, shows a ve ry  s l i g h t  adve r se  
p r e s s u r e  g r a d i e n t  a long  t h e  b l eed  r eg ion .  The d a t a  aga in  show a 
smooth var ia t ion of H w i t h  b leed  mass f low u n t i l  a t  M /M t r  BLEED BL1 
of approximately 0 . 2 5 ,  t h e  t ransformed form f a c t o r  r eaches  a p l a t e a u  
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v a l u e  of approximate ly  1.37. 
The scoop b l e e d  c o n f i g u r a t i o n  of  Run 1 0  showed almost  no change 
i n  t ransformed form f a c t o r  w i t h  b leed  however o n l y  a s m a l l  r ange  of 
from 0.07 t o  0.22, were o b t a i n e d .  The b leed  mass f lows ,  %LEEdMBL1 
s t a t i c  p r e s s u r e  d i s t r i b u t i o n  f o r  t h e  scoop b l e e d ,  F i g u r e  3 . 6 ,  showeci 
t h e  almost ' i n v i s c i d '  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  i n t e r -  
a c t i o n  r e g i o n  as  d i s c u s s e d  p r e v i o u s l y .  The scoop w a s  p laced  a t  
- = 2.84, which i s  i n  t h e  middle of  t h e  shock i n t e r a c t i o n  r e g i o n ,  R 
and seemed t o  minimize t h e  upstream e f f e c t s  of  t h e  p r e s s u r e  r i se  
X 
C 
a c r o s s  t h e  shock wave. The reduced upstream e f f e c t  i n d i c a t e s  t h a t  
t he  scoop t y p e  b l e e d  may b e  very e f f e c t i v e  i n  s t r o n g e r  shock- 
i n t e r a c t i o n  r e g i o n s  because of t h e  reduced p o s s i b i l i t y  o f  s e p a r a t i o n  
upstream o f  t h e  'impingement' p o i n t  due t o  upstream p r e s s u r e  pro- 
paga t i o n .  
6*,  0 and o t h e r  relevant 
Htr '  
A t a b u l a t i o n  of b leed  mass f lows ,  
parameters  f o r  Probe 2 i s  p r e s e n t e d  i n  Table  3-11, 
An e x t r a p o l a t i o n  of  t h e  d a t a  t o  z e r o  b l e e d  showed t h a t  t h e  
d i f f e r e n t  b l e e d  c o n f i g u r a t i o n s  had unequal  t ransformed form f a c t o r s ,  
d i sp lacement  and momentum t h i c k n e s s e s  a t  Probe 2. 
bably  due t o  t h e  l o c a t i o n  o f  t h e  b leed  r e g i o n  r e l a t i v e  t o  t h e  i n t e r -  
T h i s  w a s  pro- 
a c t i o n .  Also because of t h e  b leed  h o l e s  t h e r e  are p o s s i b l e  e f f e c t s  
of roughness  and f low r e c i r c u l a t i o n  v i a  t h e  b l e e d  plenum between 
Probes 1 and 2. I n  a p r e v i o u s  i n ~ e s t i g a t i o n ~ ~  u s i n g  t h e  same 
i n l e t  and t e s t  c o n d i t i o n s  except  t h a t  a s o l i d  w a l l  w a s  p r e s e n t  
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between Probes 1 and 2 t h e  t ransformed form f a c t u r s  were 1.28 a t  
Probe 1 and 1.48 a t  Probe 2. In t h i s  i n v e s t i g a t i o n ,  t h e  e x t r a -  
po la t ed  z e r o  b l e e d  form f a c t o r s  a t  Probe 2 f o r  t h e  DS, US and AS 
b leed  c o n f i g u r a t i o n s  were approximate ly  1.43, 1.50  and 1 .55  res- 
p e c t i v e l y .  
The v a r i a t i o n  o f  6* and 8 w i t h  b l eed  a t  Probe 2 are p resen ted  
i n  F igu res  3.12 and 3.13 r e s p e c t i v e l y  and i n  Table  3-11, Also 
inc luded  is  t h e  t h e o r y  of References 9 and 10.  These d a t a  show 
t h e  same t r e n d s  as t h e  form f a c t o r  d a t a  i n  t h a t  t h e  AS and US b l eed  
c o n f i g u r a t i o n s  had t h e  l a r g e s t  v a l u e s  and t h e  t h r e e  DS c o n f i g u r a t i o n s  
were grouped a t  lower v a l u e s .  The d a t a  show t h a t  6* and 8 were 
s t i l l  d e c r e a s i n g  a t  t h e  l a r g e r  b ieed  mass f low rates as mass w a s  
s t i l l  be ing  removed from t h e  boundary l a y e r ,  however t h e  r a t i o  of  
t h e s e  parameters ,  t h e  compress ib le  form f a c t o r ,  remained c o n s t a n t .  
The r anges  of  6* and 8 ob ta ined  were . 1 7  c m  t o  .04 c m  and .065 cm 
t o  .018 c m  r e s p e c t i v e l y  f o r  b l e e d  mass f lows  from 0.2% t o  65% of 
f o r  Run 3 ,  DS B, 6* w a s  .089 c m  
%L, 
. A t  b l eed  rate of 30% of  
and 8 was .036 cm which were approximate ly  t h e  s a m e  as t h o s e  ob ta ined  
a t  Probe 1. 
The 6* and 8 d a t a  for  t h e  US b l e e d  c o n f i g u r a t i o n ,  Run 6,  l i e  
above t h e  d a t a  f o r  a l l  DS b l eed  c o n f i g u r a t i o n s  a l though t h e  p l a t e a u  
H ' s  were similar a t  l a r g e  b l eed  rates. A l s o ,  a t  l a r g e  b l eed  ra tes  
t h e  US b l eed  c o n f i g u r a t i o n  d a t a  l i e  s l i g h t l y  above t h e  AS b leed  con- 
t r  
f i g u r a t i o n  d a t a .  
The t h r e e  DS b l e e d  c o n f i g u r a t i o n s  show almost  t h e  same 
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behavior  a t  b l e e d  rates below 25% of M and on ly  a t  l a r g e r  b l eed  
rates do t h e  d i f f e r e n c e s  man i fe s t  themselves.  However, t h e  d a t a  f o r  
BL1 
l a r g e  b l e e d  rates are  q u i t e  ske tchy  and n o t h i n g  c o n c r e t e  may be  s a i d  
about t h e  d i f f e r e n c e s  due t o  d i f f e r e n t  DS b l e e d  r eg ions .  
10 The scoop model of Seebaugh, Payn te r  and Ch i lds  w a s  used t o  
c a l c u l a t e  t h e  change of t h e  boundary l a y e r  parameters  a c r o s s  t h e  
shock-boundary l a y e r  i n t e r a c t i o n  r e g i o n  w i t h  and wi thou t  b l eed .  
I t  has been shown by Hings t  and Tome24 t h a t  t h e  scoop b leed  
nodel  can be used f o r  a l l  t y p e s  of b l eed  r e g i o n s  i n  t h e  i n t e r a c t i o n  
reg ion .  
r eg ion  w e r e  made w i t h  t h e  Sasman C r e s c i '  i n t e g r a l  model. 
of t h e  c a l c u l a t i o n  w i t h  t h e  expe r imen ta l  d a t a  show good agreement i n  
H 
ob ta ined .  The shapes  of  a l l  of  t h e  c a l c u l a t e d  c u r v e s  are q u i t e  
s imi l a r  t o  t h e  d a t a  and q u i t e  r e l i a b l y  fo l lowed t h e  t r e n d s  observed. 
A v e r y  i n t e r e s t i n g  t h i n g  t o  n o t e  i s  t h a t  t h e  t h e o r e t i c a l  model pre- 
d i c t s  a v e r y  s l i g h t  rise i n  H 
sL . 
b leed  rates and t h i s  may b e  t aken  as a n o t h e r  argument a g a i n s t  over- 
Boundary l a y e r  c a l c u l a t i o n s  b e f o r e  and a f t e r  t h e  i n t e r a c t i o n  
A comparison 
but  t h e  t h e o r y  p r e d i c t s  l a r g e r  6 * ' s  and 8 ' s  t h a n  w e r e  a c t u a l l y  t r  
a t  b l e e d  rates g r e a t e r  t h a n  40% of 
tr 
The d a t a  of Run 2, DS A ,  show t h e  same behav io r  a t  l a r g e  
1 
10 
b leed ing .  It must be  remembered t h a t  t h e  Seebaugh-Paynter-Childs 
i n t e r a c t i o n  model cannot  d i s t i n g u i s h  between t h e  US, AS,  DS and 
scoop b l e e d  c o n f i g u r a t i o n s .  
The r e s u l t s  a t  Probe 2 i n d i c a t e  t h a t  t h e  DS b l eed  c o n f i g u r a t i o n s  
gave t h e  lowes t  H 's ,  6 * ' s  and 8 ' s  of a l l  t h e  b l e e d  r e g i o n s  ove r  t r  
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almost  t h e  entire range  of b leed  m a s s  f lows  ob ta ined .  
d a t a  a t  Probe 2 w e r e  i n f l u e n c e d  by t h e  l o c a t i o n  and s t r e n g t h  of  
t h e  shock. induced p r e s s u r e  rise as  w e l l  as t h e  p o s i t i o n  of t h e  b l eed  
r eg ion  relative t o  t h e  p r e s s u r e  r i se  and t o  t h e  measurement p o i n t .  
I n  o t h e r  words, t h e  d a t a  a t  Probe 2 may have been a f f e c t e d  by i t s  
c l o s e n e s s  t o  t h e  d i f f e r e n t  b l eed  r eg ions .  I n  o r d e r  t o  examine t h i s  
p o i n t  more c l o s e l y ,  t h e  d a t a  a t  Probe 3 have been analyzed t o  see 
i t  t h e  e f f e c t s  observed a t  Probe 2 p e r s i s t  downstream. These 
r e s u l t s  w i l l  b e  p re sen ted  i n  t h e  n e x t  s e c t i o n .  
However t h e  
S e c t i o n  3.1.2 Second Centerbody I n t e r a c t i o n  -Region 
T h i s  i n t e r a c t i o n  r e g i o n  occurred  n e a r  t h e  geometr ic  t h r o a t  on 
t h e  centerbody and o b l i q u e  shock waves were p r e s e n t  i n s t e a d  of  a 
normal shock due t o  s u p e r c r i t i c a l  i n l e t  o p e r a t i o n .  A s i n g l e  b l eed  
p a t t e r n ,  five rows o f  0.318 c m  d iameter  normal h o l e s ,  w a s  used 
s l i g h t l y  ups t ream of  t h e  i n t e r a c t i o n  r eg ion .  
p r i m a r i l y  f o r  p r e v e n t i n g  boundary l a y e r  s e p a r a t i o n  and i n l e t  u n s t a r t  
when t h e  i n l e t  w a s  o p e r a t e d  in the critical mode. 
This  b l eed  r e g i o n  w a s  
The d a t a  of Run 3 a t  Probe 3 are n o t  p re sen ted  because  a s t r o n g  
shock w a s  p r e s e n t  ahead of o r  n e a r  Probe 3 which caused t h e  edge 
Mach number at Probe  3 t o  b e  d r a s t i c a l l y  d i f f e r e n t  from a l l  o t h e r  
d a t a  p re sen ted .  The s t a t i c  p res sLre  d i s t r i b u t i o n  f o r  Run 3, F igu re  
3.2,  shows t h e  change i n  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  ve ry  c l e a r l y .  
The boundary l a y e r  w a s  measured by t o t a l  p r e s s u r e  p robes ,  3 and 4 ,  
X b e f o r e  and a f t e r  t h e  i n t e r a c t i o n  r eg ion  a t  - = 3.303 and 3.557 
RC 
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r e s p e c t i v e l y .  The Probe 3 d a t a  a l s o  gave in fo rma t ion  on t h e  boundary 
l a y e r  development subsequent t o  t h e  f i r s t  i n t e r a c t i o n  r e g i o n  as 
mentioned p rev ious ly .  
The v a r i a t i o n s  of  H 6* and 8 a t  Probe 3 w i t h  tr '  
4. 
are p resen ted  i n  Table  3-111 and F i g u r e s  3.14 t o  3.16 r e s p e c t i v e l y .  
Note t h a t  t h e  b l e e d  mass f low is  s t i l l  non-dimensionalized by t h e  
Probe 1 boundary l a y e r  mass flow. 
The form f a c t o r s  i n  a l l  c a s e s  p re sen ted  w e r e  lower a t  Probe 3 
than  a t  Probe 2 f o r  t h e  same b leed  mass f low rate. T h i s  seemed t o  b e  
caused by two e f f e c t s .  The pr imary  e f f e c t  seemed t o  b e  t h e  
' r ecove ry '  of the  boundary l a y e r  a f t e r  t h e  shock i n t e r a c t i o n  r eg ion .  
I n  t h e  i n t e r a t i o n  r e g i o n  t h e  boundary l a y e r  i s  s u b j e c t e d  t o  a 
s e v e r e  a d v e r s e  p r e s s u r e  g r a d i e n t  and growth is  co r re spond ing ly  
r a p i d .  Once o u t  of t h e  i n t e r a c t i o n  r e g i o n ,  t h e  r a p i d  growth cannot  
be s u s t a i n e d  due  t o  a much m i l d e r  p r e s s u r e  g r a d i e n t .  T h i s  h a s  a 
tendency t o  d e c r e a s e  H . The secondary  c a u s e  w a s  t h e  e x i s t e n c e  
of a s l i g h t l y  f a v o r a b l e  p r e s s u r e  g r a d i e n t  ahead of Probe 3 which 
t r  
would d e c r e a s e  t h e  ra te  of boundary l a y e r  growth. These e f f e c t s  
are i l l u s t r a t e d  i n  F igu re  3.17 where t h e  t ransformed form f a c t o r  
as c a l c u l a t e d  by t h e  methods of  References  9 and 1 0  vs. - i s  shown 
w i t h  no b l e e d  i n  t h e  i n t e r a c t i o n  r eg ion .  
X 
RC 
The d a t a  on t h e  transformed form f a c t o r s ,  F igu re  3.14, show 
t h a t  the US and DS C b leed  c o n f i g u r a t i o n s .  Runs 6 and 5 r e s p e c t i v e l y ,  
now have t h e  lowes t  form f a c t o r s .  There  w a s  a l s o  much less  v a r i a t i o n  
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of H b l e e n  a t  Probe 3 as  compared w i t h  t h a t  a t  Probe 2. Th i s  
i n d i c a t e s  t h a t  t h e  d a t a  ob ta ined  a t  Probe 2 e x h i b i t e d  t h e  l o c a l  
tr 
e f f e c t  of b l e e d  i n  t h e  i m e r a c t i o n  r e g i o n  and a p h y s i c a l  smoothing 
o u t  p rocess  o c c u r s  f u r t h e r  downstream t h a t  d e c r e a s e s  t h e  s e n s i t i v i t y  
t o  t h e  l o c a l  b l eed  geometry i n  t h e  f i r s t  i n t e r a c t i o n  r eg ion .  The 
US b leed  c o n f i g u r a t i o n s ,  Run 6 ,  seemed r e l a t i v e l y  i n s e n s i t i v e  t o  
t h e  b l eed  ra te  i n  t h e  f i r s t  i n t e r a c t i o n  r eg ion  as  H a t  a b l e e d  
rate of  0.43 w a s  1 .23  w h i l e  a t  a b l eed  rate 0.02, H w a s  1.28. 
t r  
t r  
A l l  o t h e r  b l e e d  c o n f i g u r a t i o n s  showed t h e  same behavior  i n  t h a t  
t h e  v a r i a t i o n  of H w i t h  b$LEED/%L decreased .  
3 t r  
The change i n  6" and 0 a t  Probe 3 wi th  t h e  b l eed  m a s s  f low 
i n  t h e  f i r s t  i n t e r a c t i o n  r e g i o n  is  p resen ted  i n  F i g u r e s  3.15 and 
3.16 r e s p e c t i v e l y  and i n  Table  3-111. Again t h e  e f f e c t s  o f  b l e e d  
geometry are seen  t o  have been reduced and i t  seems t h a t  6* and 0 
a t  Probe 3 were dependent o n l y  on t h e  b leed  mass f low rates i n  t h e  
f i r s t  i n t e r a c t i o n  r e g i o n  w i t h  on ly  s l i g h t  d i f f e r e n c e s  a s c r i b a b l e  
t o  e f f e c t s  of b l e e d  geometry. Most of t h e  d a t a  on 6* and 0 a t  
Probe 3 f a l l  on a s i n g l e  cu rve  excep t  f o r  t h e  US b l eed  c o n f i g u r a t i o n  
of Run 6 which showed l a r g e r  values of t h e s e  t h i c k n e s s e s  a t  b l eed  
rates g r e a t e r  t han  40% of %Ll 
The comparison between t h e  exper imenta l  d a t a  and t h e  t h e o r y  of  
r e f e r e n c e s  9 and 1 0  a g a i n  show s i m i l a r  behavior  a l though  t h e  cal- 
c u l a t e d  t h i c k n e s s e s  w e r e  l a r g e r  t h a n  expe r imen ta l ly  observed.  
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An examinat ion  of t h e  centerbody s t a t i c  p r e s s u r e  measurements 
r e v e a l s  t h a t  t h e  second centerbody i n t e r a c t i o n s  occur red  f u r t h e r  
downstream i n  Runs 5 and 6 t han  i n  Runs 2 ,  4 and 10. This  w a s  pro- 
bably  due t o  t h e  l a r g e  amount of b l eed  used on t h e  cowl f o r  t h e s e  
runs .  The s l a n t e d  h o l e  b l eed  r e g i o n  w a s  used on t h e  cowl i n  Runs 
5 and 6 and l a r g e  b l e e d  mass flows w e r e  o b t a i n e d ,  approximate ly  4% 
of t h e  i n l e t  c a p t u r e  mass flow. Th i s  may have caused t h e  second 
centerbody shock t o  move downstream s l i g h t l y  because  of t h e  de- 
c reased  boundary l a y e r  t h i c k n e s s  on t h e  cowl. I n  both  Runs 5 and 
6 ,  t h e  downstream movement of t h e  shock wave caused t h e  l o c a l  
p r e s s u r e  r ise around Probe 3 t o  be extended f u r t h e r  downstream. When 
normal h o l e s  w e r e  used on t h e  cowl as i n  Runs 2 and 4 ,  l a r g e r  p r e s s u r e s  
o b t a i n e d  behind t h e  shock i n  t h e  second cen te rbody  i n t e r a c t i o n  
r e g i o n  seemed t o  have a f f e c t e d  t h e  s t a t i c  p r e s s u r e s  a t  Probe 3 i n  
t h a t  t h e  edge Mach numbers were i n  t h e  1 .45  t o  1 . 4 7  range  w h i l e  f o r  
t h e  s lan t  h o l e s  on t h e  cowl , t hey  were i n  t h e  1 . 5 1  t o  1 .54  range .  
A t  Probe 3 ,  H ' s  of 1.23-1.35 were o b t a i n e d  f o r  b l eed  r a t e s  
t r  
i n  t h e  f i r s t  i n t e r a c t i o n  r e g i o n  of 0-60% of MBL . 
t ransformed form f a c t o r  would be adequa te  f o r  e n t e r i n g  t h e  second 
T h i s  r ange  of 
1 
cen te rbody  i n t e r a c t i o n .  I n  view of t h e  g e n e r a l  smoothing e f f e c t  
on t h e  boundary l a y e r  a f t e r  t h e  f i r s t  i n t e r a c t i o n  r e g i o n  and because 
of t h e  l o w  v a l u e s  of H ob ta ined  a t  Probe 3 f o r  b leed  ra tes  less 
i n  t h e  f i r s t  i n t e r a c t i o n  r e g i o n ,  l a r g e  amounts of t h a n  35% of 
b l eed  a r e  probably  n o t  needed i n  t h e  second centerbody i n t e r a c t i o n  
t r  
%L1 
r eg ion .  
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A s i g n i f i c a n t  amoulit of b l e e d i n g ,  0.8% t o  2.3% of  t h e  i n l e t  
c a p t u r e  mass, took  p l a c e  i n  t h e  second centerbody i n t e r a c t i o n  r e g i o n .  
Th i s  range  r e p r e s e n t s  40% to 120% of t h e  boundary l a y e r  mass f low 
a t  Probe 1. A s  a r e s u l t  o f  b l e e d i n g  i n  two d i f f e r e n t  r e g i o n s  and 
t h e  v a r i a b l e  n a t u r e  of t h e  boundary l a y e r  a t  Probe 3,  t h e  d a t a  are  
The t o t a l  
TOTAL /Mc presen ted  as a f u n c t i o n  of  t h e  b i e e d  r a t i o  M 
i s  d e f i n e d  as t h e  t o t a l  b l eed  mass flow b leed  mass f low,  M 
from both  centerbody i n t e r a c t i o n  r e g i o n s  and non-dimensionalized 
i s  approximate ly  1 . 8 2  by t h e  i n l e t  c a p t u r e  mass flow, K 
of MC.)  
TOTAL ' 
c' (MBLl 
A compi l a t ion  of t h e  b l eed  mass f low rates  and t h e  boundary 
A layer  pa rame te r s  a t  Probe 4 ,  - = 3 . 5 5 7 ,  i s  presented  i n  Table 3 - I V .  
Probe 4 w a s  downstream of  t h e  second i n t e r a t i o n  r eg ion .  
C 
R 
The v a r i a t i o n  of  H w i t h  b l e e d  a t  Probe 4 i s  p resen ted  i n  
tr 
F igure  3.18. Th i s  f i g u r e  shows a c l u s t e r  of  p o i n t s  i n  t h e  b l eed  
mass f low r a t i o n  of  2% t o  2.5% where t h e  t ransformed form f a c t u r s  
v a r i e d  from 1 . 3 3  t o  1 .43 .  
For lower t o t a l  b leed  rates, t h e  data  of Run 5,  DS C i n  t h e  
f i r s t  i n t e r a c t i o n  r e g i o n ,  show a s l i g h t  i n c r e a s e  i n  H f o r  de- 
c r e a s i n g  t o t a l  b l eed .  The t ransformed form f a c t u r s  f o r  Run 5 r a n  
from 1 . 4  a t  a b l eed  r a t e  of 2 . 1 7 %  of M t o  1 . 4 5  a t  a b leed  ra te  
of 1.25% of M A p l a t e a u  i n  H i s  seemingly reached f o r  
t r  
C 
C'  t r  
% /M of 1 . 7 % .  
OTAL C 
The v a r i a t i o n s  of 6* and (3 a t  Probe 4 are  p resen ted  i n  F i g u r e s  
3 . 1 9  and 3.20 r e s p e c t i v e l y  and e x p e c t e d l y  show a dec rease  w i t h  
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i n c r e a s i n g  b l eed .  
b l eed ing  does  n o t  d e c r e a s e  H 
Again t h i s  shows t h a t  d e c r e a s i n g  6* and 8 by 
below t h e  p l a t e a u  v a l u e .  
t r  
I n  view of t h e  s k e t c h i n e s s  of t h e  Probe 4 d a t a  and t h e i r  i n -  
a p p l i c a b i l i t y  t o  c r i t i c a l  o p e r a t i o n ,  t hey  do n o t  warrant f u r t h e r  
d i scuss ion .  
Sec t ion  3.2 Cowl Shock-Boundary Layer I n t e r a c t i o n  
S u p e z c r i t i c a l  o p e r a t i o n  a g a i n  p re sen ted  s e v e r a l  shock-boundary 
l a y e r  i n t e r z c t i o n s  on t h e  cowl f o r  i n v e s t i g a t i o n  b u t  on ly  t h e  f i r s t  
i n t e r a c t i o n  r e g i o n  w a s  s t u d i e d .  The f i r s t  shock-boundary l a y e r  
i n t e r a c t i o n  on  t h e  cowl would n o t  have been changed by c r i t i c a l  
r a t h e r  t han  s u p e r c r i t i c a l  o p e r a t i o n  of t h e  i n l e t .  The cowl boundary 
l a y e r  w a s  surveyed  b e f o r e  t h e  i n t e r a c t i o n  by Probe 5,  a t -  = 3 . 0 0 6 ,  
and a f t e r  t h e  i n t e r a c t i o n  by Probes  6 and 7 ,  a t -  = 3 .394  and 3 .555  
r e s p e c t i v e l y .  
of Reference 1 2  w a s  a t  - = 3.25  w h i l e  t h e  6*  added method p r e d i c t e d  













The boundary l a y e r  a t  Probe 5,  b e f o r e  t h e  i n t e r a c t i o n  r e g i o n ,  
v a r i e d  s l i g h t l y  f o r  t h e  d i f f e r e n t  b l eed  c o n f i g u r a t i o n s  and t o  d i f f e r e n t  
mass flow rates. The ave rage  v a l u e s  of 6*, 0 and H a t  Probe 5 were 
0 . 0 6 1  cm, 0 . 0 2 3  c m  and 1 . 3 4  cm r e s p e c t i v e l y .  The edge Mach number 
w a s  1.66  and t h e  w a l l  t empera tu re  of 307'K w a s  v e r y  c l o s e  t o  t h e  
a d i a b a t i c  w a l l  t empera tu re .  The boundary l a y e r  mass f low a s  d e f i n e d  
by e q u a t i o n  3.1,  w a s  0 .486  k g / s e c  which corresponded t o  3 . 6 %  of t h e  
i n l e t ' s  c a p t u r e  mass flow. The boundary l a y e r  v e l o c i t y  p r o f i l e  a t  
tr 
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Probe 5 is  p resen ted  i n  F igu re  3.21. 
The d a t a  f o r  t h e  cowl shock-boundary l a y e r  i n t e r a c t i o n  w i l l  a l s o  
I BLEED be p resen ted  i n  terms of t h e  nondimensiocal b l e e d  mass f low M 
BLEED 
MBL where M 
5 
a c t i o n  r e g i o n  and 
flow a t  Probe 5. 
r e p r e s e n t s  t h e  b l eed  mass f low i n  t h e  cowl i n t e r -  
h e r e  M now r e p r e s e n t s  t h e  boundary l a y e r  inass 
Also, t h e  d a t a  t aken  f o r  Run 3 w i l l  n o t  be  
BL5 
p resen ted  s i n c e  t h e  s t r o n g e r  shock expe r i enced  i n  t h i s  case. d i d  no t  
a l low f o r  adequa te  comparison w i t h  o t h e r  d a t a .  
The t h r e e  t y p e s  of b l e e d  r e g i o n s  used on t h e  cowl were: (1) 
10 rows of 0.318 cm diameter  normal h o l e s ,  ( 2 )  20 rows of 0.159 c m  
d iameter  normal h o l e s  and (3) 6 rows of 0.318 c m  mipor axis h o l e s  
a t  20' t o  t h e  s u r f a c e  t angen t .  
LN, SN and S l a n t  r e s p e c t i v e l y .  The l e n g t h s  of t h e  v a r i o u s  b l e e d  
r e g i o n s  are p r e s e n t e d  i n  Table  3-V. 
The t h r e e  b l e e d  s e c t i o n s  were des igna ted  
The l o c a t i o n  of t h e  b l eed  r e g i o n  r e l a t i v e  t o  t h e  shock-induced 
p r e s s u r e  rise played an  even more impor tan t  r o l e  i n  t h e  cowl i n t e r -  
a c t i o n  than  i t  d i d  on t h e  centerbody.  S l i g h t  changes i n  t h e  shock- 
induced p r e s s u r e  g r a d i e n t s  caused n o t i c e a b l e  d i f f e r e n c e s  i n  t h e  da ta  
and t h i s  w a s  found by an examinat ion  of t h e  cowl s t a t i c  p r e s s u r e  
d i s t r i b u t i o n s .  The p robab le  cause  of  t h e  movement of t h e  shock- 
ind iced  p r e s s u r e  g r a d i e n t  w a s  t h e  v a r i a t i o n  of boundary l a y e r  growth 
on t h e  centerbody.  The t e s t i n g  procedure  w a s  t o  ho ld  t h e  cowl b l eed  
p i p e  e x i t  p l u g s  a t  t h e  f u l l  open p o s i t i o n  and t o  v a r y  t h e  centerbody 
b leed  mass f low and then  f o r  t h e  centerbody b l e e d  p i p e  e x i t  p lugs  
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a t  t h e  f u l l  open p o s i t i o n ,  t o  v a r y  t h e  cowl bleed.  The v a r i a t i o n  i n  
s i z e  of t h e  centerbody boundary l a y e r  caused by centerbody b l e e d i n g  
a p p a r e n t l y  caused a movement of t h e  cowl shock impingement p o i n t .  
T h i s  i n  t u r n  caused a change, i n  some cases, of t h e  p o s i t i o n  of t h e  
b leed  r e g i o n  r e l a t ive  t o  t h e  shock-induced p r e s s u r e  d i s t r i b u t i o n .  
These changes were a p p a r e n t  i n  t h e  d a t a  when shock movement caused a 
b leed  r e g i o n  t o  go from a US c o n f i g u r a t i o n  t o  an AS c o n f i g u r a t i o n .  
Shock movement w a s  a l s o  p r e s e n t  i n  t h e  second centerbody i n t e r a c t i o n  
b u t  t h e  a f t  cen terbody b l e e d  r e g i o n  w a s  p laced  f a r  enough upstream 
of t h e  i n t e r a t i o n  so  t h a t  no change t o  a n  AS or  DS b l e e d  c o n f i g u r a t i o n  
w a s  experienced.  
The s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  f o r  Run 2 and Runs 4 through 1 0  
are  p r e s e n t e d  i n  F i g u r e s  3 . 2 2  th roagh 3.29 r e s p e c t i v e l y  and t h e s e  
show a r e g i o n  of h i g h  p r e s s u r e  around Probe 6 ,  which w a s  downstream 
of t h e  i n t e r a c t i o n  r e g i o n .  
downstream of  t h e  b l e e d  r e g i o n .  The shock wave was a l s o  s t r o n g e r  t h a n  
expected as t h e  a c t u a l  Mach numbers i n  t h e  reg ion  n e a r  Probe 6 were 
very  c l o s e  t o  one w h i l e  t h e  c a l c u l a t e d  t h e o r e t i c a l  Mach number w a s  
1 .20 .  A comparison of  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  of Run 4 
w i t h  t h a t  p r e d i c t e d  by t h e  method of c h a r a c t e r i s t i c s  s o l u t i o n  of  
Reference 1 2  is  p r e s e n t e d  i n  F i g u r e  3.30. 
i s  t h e  shock impingement p o i n t  p r e d i c t e d  by t h e  6” added method. 
The d i f f e r e n c e s  between b o t h  p r e d i c t e d  shock impingement p o i n t s  and 
t h e  a c t u a l  impingement p o i n t  i s  a p p a r e n t  from t h i s  f i g u r e .  The 
The a c t u a l  shock impingement p o i n t  o c c u r r e d  
Also inc luded  i n  t h i s  f i g u r e  
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shock-induced p r e s s u r e  d i s t r i b u t i o n s  on t h e  cowl i n  t h e  i n t e r a c t i o n  
r e g i o n  are r e a d i l y  s e e n  i n  F igures  3.22 t o  3.29. The cowl s t a t i c  
p r e s s u r e  d i s t r i b u t i o n s  show a l a r g e r  p r e s s u r e  r i se  a c r o s s  t h e  i n t e r -  
a c t i o n  r e g i o n  than  t h e  f i r s t  centerbody i n t e r a c t i o n  r e g i o n .  For t h i s  
reason ,  u n s t a r t  due t o  boundary l a y e r  s e p a r a t i o n  became a prominent 
danger a t  t h e  lowes t  b leed  mass flow r a t e s .  U n s t a r t  was o b t a i n e d  a t  
t h e  lowest  b l e e d  mass flow r a t e s  f o r  s e v e r a l  of t h e  b leed  c o n f i g u r a t i o n s  
p o i n t i n g  o u t  t h e  n e c e s s i t y  f o r  c a r e f u l  a n a l y s i s  b e f o r e  t h e  a c t u a l  
d e s i g n  of t h e  i n l e t .  
Most of t h e  b l e e d  r e g i o n s  t e s t e d  were upstream of t h e  shock- 
impingement p o i n t  as  i n d i c a t e d  by t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s .  
Thus t h e r e  w a s  l i t t l e  v a r i a t i o n  i n  t h e  d a t a  f o r  most c a s e s .  The 
d i f f e r e n t  US b l e e d  c o n f i g u r a t i o n s  were des igna ted  US 1 through US 6 
cor responding  t o  Runs 4 , 5 , 7 , 8 , 9  and 10. I n  Runs 2 and 6 ,  t h e  b l e e d  
r e g i o n s  appeared  t o  be a c r o s s  t h e  shock and a r e  hence des igna ted  
AS1 and AS 2 r e s p e c t i v e l y .  A schemat ic  r e p r e s e n t a t i o n  of t h e  b leed  
c o n f i g u r a t i o n s  is  shown i n  Figure 3 . 3 1 .  
The v a r i a t i o n  of H w i t h  b l e e d  a t  Probe 6 f o r  t h e  normal b l e e d  
tr  
c o n f i g u r a t i o n s  only  i s  p r e s e n t e d  i n  F i g u r e  3.32 and i n  Table  3 4 V .  
The immediate d i f f e r e n c e  noted a s  t h a t  t h e  d a t a  f o r  Run 2 ,  AS 1, 
l i e  w e l l  above a l l  d a t a  a t  low b l e e d  ra tes .  An examinat ion of t h e  
Run 2 s t a t i c  p r e s s u r e  d i s t r i b u t i o n ,  F i g u r e  3.22, shows t h a t  t h e  a f t  
p a r t  of t h e  b l e e d  l i es  i n  a r e g i o n  of a n  ex t remely  l a r g e  p r e s s u r e  
g r a d i e n t  a n d  some r e c i r c u l a t i o n  may have o c c u r r e d  a t  t h e  lower b l e e d  
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r a t e s .  Thus t h e  AS b l e e d  c o n f i g u r a t i o n ,  when p laced  i n  a s t r o n g  
adverse p r e s s u r e  g r a d i e n t ,  gave r ise t o  l a r g e r  t ransformed form 
f a c t o r s  i n  b o t h  cowl and f i r s t  centerbody i n t e r a c t i o n  r e g i o n s .  
A t  t h e  v e r y  low b l e e d  rates,  t h e  AS 1 b l e e d  c o n f i g u r a t i o n  of Run 
2 gave v e r y  l a r g e  t ransformed form f a c t o r s  and no b l e e d  d a t a  were 
obtained below b l e e d  ra tes  a t  6.6% of  due t o  i n l e t  u n s t a r t .  
The l a r g e  t ransformed form f a c t o r s  ob ta ined  a t  low b l e e d  rates and 
t h e  subsequent  u n s t a r t  imply t h a t  improper placsment of  ;he bleed 
reg ion  r e l a t ive  t o  t h e  shock-induced p r e s s u r e  rise may l e a d  t o  very  
u n d e s i r a b l e  i n l e t  performance. 
The b l e e d  r e g i o n s  of Runs 2 and 4 w e r e  comprised of rows of 
0.3175 c m  d i a m e t e r  normal h o l e s ,  LN, w h i l e  t h e  0.1588 c m  d iameter  
normal rows, SN, w e r e  used i n  Runs 8-10. S ince  Run 4 and Runs 8-10 
were all i n  the US b leed  c o n f i g u r a t i o n ,  t h e  e f f e c t s  of  h o l e  s i z e  
can be de te rmined  by comparison of t h e  d a t a  f o r  t h e s e  d i f f e r e n t  Runs. 
The H d a t a ,  F i g u r e  3.32, show t h a t  t h e r e  was very  l i t t l e  d i f f e r e n c e  
i n  t h e  t ransformed form f a c t o r s  f o r  t h e  d i f f e r e n t  s i z e  h o l e s .  A 
t r  
comparison o f  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  o f  Run 4 and Run 1 0 ,  
F igure  3.23 and 3.29 r e s p e c t i v e l y ,  show t h a t  t h e y  w e r e  b o t h  i n  approx- 
imate ly  t h e  same p o s i t i o n  w i t h  r e s p e c t  t o  t h e  shock-induced p r e s s u r e  
g r a d i e n t  a l t h o u g h  t h e  Run 4 bleed r e g i o n  extended upstream a l i t t l e  
f u r t h e r  than  t h a t  of Run 10. A cornparison of  t h e  d a t a  f o r  t h e s e  two 
bleed c o n f i g u r a t i o n s  showed t h a t  t h e  d a t a  of  Run 4 l a y  s l i g h t l y  
above t h a t  of Run 10. B u t  because t h e  d a t a  of Runs 8 and 9 were 
very  s imilar  t o  t h a t  of Run 4 ,  t h e  d i f f e r e n c e s  between t h a t  0.3175 cm 
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diameter h o l e s  and 0.1588 cm diameter  h o l e s  cannot be t a k e n  as 
s i g n i f i c a n t .  
The  H d a t a  f o r  Run 4 and Runs 8 thrcugh 10 a g a i n  showed t h e  
t r  
e x i s t e n c e  of a p l a t e a u  form f a c t o r  of  a p p r o x i n a t e l y  1.52. 
dec rease  i n  H w a s  observed f o r  b l e e d  mass f lows  below 0 . 3  and t h i s  
gave f u r t h e r  ev idence  t h a t  l a r g e  amounts of b l e e d  are n o t  r e a l l y  
h e l p f u l .  A non-dimensional b l eed  mass f low of 0 .3  i s  e q u i v a l e n t  t o  
approximate ly  1% of t h e  i n l e t ' s  c a p t u r e  mass flow. The 30% l e v e l  of 
MBL5 i s  shown i n  F igu re  3.21, t h e  Probe 5 v e l o c i t y  p r o f i l e .  
A cont inuous  
t r  
An i n t e r e s t i n g  r e s u l t  o b t a i n e d  w a s  t h e  i n a b i l i t y  t o  m a i n t a i n  t h e  
same s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  f o r  s l i g h t l y  d i f f e r e n t  b l e e d  con- 
f i g u r a t i o n s .  T h i s  i s  i l l u s t r a t e d  i n  F igu re  3.33 where t h e  p r e s s u r e  
r a t i o s  i n  t h e  v i c i n i t y  of t h e  shock r e f l e c t i o n  f o r  Run 2,  AS 1, 
and Run 9 ,  US 5 ,  have been p l o t t e d .  The p r e s s u r e  d a t a  were t aken  t o  a 
b l eed  mass f low r a t e  of 0.177 and r e p r e s e n t  t h e  t r u e  AS b l e e d  con- 
f i g u r a t i o n  f o r  Run 2 .  The b l e e d  r e g i o n s  were from - l o c a t i o n s  of  3.22 
t o  3.25 f o r  Run 2 and 3.17 t o  3.24 f o r  Run 9 and t h e s e  a r e  shown on 
the  f i g u r e .  The moderate p r e s s u r e  g r a d i e n t  a long  t h e  b l eed  r e g i o n  i n  
Run 9 was c o n t r a s t e d  wi th  t h e  s e v e r e  p r e s s u r e  g r a d i e n t  a t  t h e  a f t  
p o r t i o n  of t h e  b l e e d  r e g i o n  i n  Run 2. A s  a r e s u l t  of t h e  d i f f e r e n c e s  
i n  placement of b l e e d  r e g i o n  t o  shock-induced p r e s s u r e  rise, t h e  
transformed form f a c t o r s  ob ta ined  i n  Run 2 were l a r g e r  t h a n  t h o s e  of 
Run 9. S ince  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  i n  a b l e e d  r e g i o n  
cannot b e  p r e d i c t e d  wi th  any c e r t a i n i y ,  i t  i s  f e l t  t h a t  t o l e r a n c e s  





shock-induced p r e s s u r e  rise. 
The v a r i a t i o n  of  6* and 8 w i t h  b l e e d ,  f o r  t h e  normal h o l e  b l e e d  
c o n f i g u r a t i o n s  a t  Probe 6 are p resen ted  i n  F igu res  3.34 and 3.35 
r e s p e c t i v e l y  and i n  Table  3-VI. S ince  most of t h e  b l eed  conf igu r -  
a t i o n s  were i n  t h e  US mode, t h e  v a l u e s  of 6* and 8 show very  l i t t l e  
d i f f e r e n c e  between t h e  v a r i o u s  US c o n f i g u r a t i o n s  w i t h  t h e  e x c e p t i o n  
of  Run 2, t h e  AS 1 bleed  c o n f i g u r a t i o n .  A comparison of 6* and 8 
f o r  Run 4 ,  US 1 LN, and Run 10  US 6 SN, shows t h a t  h o l e  s i z e  had 
l i t t l e  o r  no e f f e c t  on t h e  d a t a .  
c r e a s i n g  h e i g h t  w i t h  i n c r e a s i n g  b l e e d  and con t inue  t o  d e c r e a s e  even 
a f t e r  a p l a t eau  i n  H w a s  a t t a i n e d .  These w e r e  t h e  same t r ends  
noted on t h e  centerbody a t  Probe 2. 
cen terbody and cowl showed s imilar  t r e n d s  f o r  t h e  6" and 8 d a t a  taken  
d i r e c t l y  behind  t h e  b l e e d  r e g i o n s .  
The 6* and 0 d a t a  a g a i n  show de- 
t r  
The US b l eed  c o n f i g u r a t i o n s  on 
It should  be  mentioned a t  t h i s  p o i n t  t h a t  t h e  c a l c u l a t i o n s  by 
10 t h e  method of Seebaugh, Payn te r  and Ch i lds  a c r o s s  t h e  i n t e r a c t i o n  
r eg ion  i n d i c a t e d  s e p a r a t i o n  of t h e  boundary l a y e r  even beyond b leed  
mass f lows  of  
shown f o r  t h e  
The d a t a  
2 %  of MBL . Thus no t h e o r e t i c a l  curves  have been 
5 
cowl i n t e r a c t i o n  r eg ion .  
X f o r  Probe 7 ,  - = 3.555, f o r  t h e  normal h o l e  b l e e d  
C 
R 
c o n f i g u r a t i o n s  are p resen ted  i n  F igu res  3.36 t o  3.38 and i n  Table  
3-VII. Probe 7 w a s  s l i g h t l y  downstream of t h e  geometr ic  t h r o a t  
and because  of s u p e r c r i t i c a l  o p e r a t i o n  t h e  Nach numbers were g r e a t e r  
than  one. The Probe 7 d a t a  compared t o  those  a t  Probe 6 showed t h e  
same t r e n d s  observed on t h e  centerbody i n  going  from Probe 2 t o  
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Probe 3 ;  namely, t h a t  t h e r e  was a n  observed dec rease  i n  H , 6* and 
8 when compared t o  d a t a  d i r e c t l y  behind t h e  i n t e r a c t i o n  r eg ion .  
t r  
Again t h e  boundary l a y e r  growth caused by t h e  shock-induced p r e s s u r e  
g r a d i e n t  could n o t  b e  s u s t a i n e d .  A s  a r e s u l t  of t h i s  and t h e  favor-  
6" and 8 dec rease  Htr , a b l e  p r e s s u r e  g r a d i e n t  between Probes 6 and 7 ,  
behind t h e  i n t e r a c t i o n  r eg ion .  The t ransformed form f a c t o r  d a t a ,  
F igu re  3 . 3 6 ,  shows t h a t  t h e  p l a t e a u  H w a s  approximately 1 . 2 7  as 
compared t o  1.52 a t  Probe 6 .  The t ransformed form f a c t o r s ,  d i s -  
tr 
placement and momentum t h i c k n e s s e s  ob ta ined  w i t h  AS 1 bleed  c o n f i g u r a t i o n  
of Run 2 were s t i l l  p e r s i s t e n t l y  l a r g e r  than those  f o r  o t h e r  b l eed  
c o n f i g u r a t i o n s .  
l a r g e r  normal h o l e s  having s l i g h t l y  l a r g e r  H 
t h a n  t h e  smaller normal h o l e s .  
Again t h e  e f f e c t s  of h o l e  s i z e  were s l i g h t  w i th  t h e  
I s ,  6 * ' s  and e ' s  tr  
The d a t a  t aken  a t  Probe 7 a g a i n  i n d i c a t e  t h a t  measurements 
t aken  d i r e c t l y  behind a shock-boundary l a y e r  i n t e r a c t i o n  r e g i o n ,  
Probe 2 on t h e  centerbody and Probe 6 on t h e  cowl, are d i r e c t l y  in-  
f luenced  by t h e  ' r ecove ry '  o f  t h e  boundary l a y e r .  So care must be 
used i n  examining and e v a l u a t i n g  d a t a  from shock-boundary l a y e r  
i n t e r a c t i o n s .  
The d a t a  a t  Probe 6 f o r  t h e  s l a n t e d  b l eed  h o l e  series, Runs 5 
t o  7 ,  are p resen ted  i n  F i g u r e s  3.39  t o  3 . 4 1  and i n  Table  3-VI. 
Much l a r g e r  b l e e d  mass f low rates  were ob ta ined  wi th  t h e s e  b l eed  
c o n f i g u r a t i o n s .  A s  a r e s u l t ,  t h e  d a t a  ob ta ined  were r a t h e r  ske tchy  
i n  t h e  b l e e d  range  from 0 t o  30% of M . However a vague p l a t e a u  
BL5 
wi th  t ransformed form f a c t o r s  of approximate ly  1 . 4  were ob ta ined  a t  
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Probe 6 as compared t o  1.52 a t  Probe 6 f o r  t h e  normal h o l e  b l eed  
series. I n  general . ,  t h e  p l a t e a u  transformed form f a c t o r s  f o r  t h e  
s l a n t e d  h o l e  b l e e d  series were obtaified a t  b l e e d  mass f low rates 
g r e a t e r  than  G . 5 ,  which corresponded t o  1.8% of t h e  i n l e t ' s  c a p t u r e  
mass flow. However a t  a b l eed  r a t e  of 30% of  M , t h e  amount of 
b l eed  needed a t  a t t a i n  t h e  p l a t e a u  H 
t he  p l a t e a u  t ransformed form f a c t o r s  f o r  t h e  s l a n t e d  h o l e  b l eed  
BL5 
of 1.52 w i t h  normal h o l e  b l e e d ,  
t r  
r eg ions  w e r e  below 1.40 f o r  most cases .  
The d i f f e r e n c e s  between t h e  normal h o l e  and s l a n t e d  h o l e  b l e e d  
r e g i o n s  is  magni f ied  when comparing t h e  6* and 8 d a t a  a t  Probe 6.  
The slanted hole bleed regions provided smaller displacement and 
momentum t h i c k n e s s e s  when compared t o  t h e  normal h o l e  b l e e d  a t  
l a r g e r  b l e e d  rates. Thus t h e s e  d a t a  i n d i c a t e  t h a t  b l e e d i n g  w i t h  
rows of s l a n t e d  h o l e s  p rov ides  lower H 
mately e q u a l  6 * ' s  a t  t h e  l a r g e r  b l eed  mass flows. For b l e e d  mass 
' s  and 8 ' s  and approxi -  tr 
flows bclow 0 . 3 ,  t h e  da t a  f o r  s l a n t e d  h o l e  b l e e d  are  s k e t c h y  and no 
f a i r  comparison can  b e  made. 
A comparison of  t ransformed form f a c t o r  v e r s u s  b l e e d  rate a t  
Probe 6 between Runs 6 and 7 ,  AS 2 and US 3 S l a n t  r e s p e c t i v e l y  and 
Run 8, US 4 SN, is p r e s e n t e d  i n  F igu re  3 . 4 2 .  The p l a t e a u  H ' s  
f o r  Runs 6 and 8, s l a n t e d  h o l e  b l eed  r e g i o n s ,  are obv ious ly  much 
tr 
less t h a n  t h a t  f o r  Run 8, normal h o l e  b leed .  A s  w a s  p r e v i o u s l y  
mentioned, t h e  Run 8 p l a t e a u  H 1 .51 ,  w a s  o b t a i n e d  a t  an  approxi- 
mate b l e e d  mass f low r a t e  of 0 . 3  whi le  t h e  p l a t e a u  H f o r  t h e  s l a n t e d  
tr ' 
t r  
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hole  b l e e d  r e g i o n s ,  approximate ly  1 . 4 ,  were ob ta ined  a t  an approxi -  
mate b l eed  mass flow rate  of  0 .45 .  From t h i s  d i r e c t  comparison, i t  
i s  obvious t h a t  a t  Probe 6 ,  t h e  s l a n t e d  h o l e  b l eed  r e g i o n s  provided 
s m a l l e r  p l a t e a u  t ransformed form f a c t o r s  than  t h e  normal h o l e  b l e e d  
r eg ion  a l though a . l a r g e r  mass flow w a s  needed t o  a t t a i n  t h e  p l a t e a u  
when t h e  s l a n t e d  h o l e  b l e e d  w a s  used. 
S l i g h t  movements of  t h e  shock induced p r e s s u r e  rise caused 
some f l u c t u a t i o n  i n  t h e  d a t a .  The s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  
f o r  Runs 5 and 7 ,  F igu res  3 . 2 4  and 3 . 2 6  r e s p e c t i v e l y ,  i n d i c a t e  
t h a t  bo th  b l eed  r e g i o n s  are i n  t h e  US b l e e d  c o n f i g u r a t i o n .  The 
extreme a f t  p o r t i o n  of  t h e  b l e e d  r eg ion  f o r  Run 7 appears  t o  be i n  
a s l i g h t  adve r se  g r a d i e n t  b u t  i t  w a s  s t i l l  c l a s s i f i e d  as a US b l eed  
c o n f i g u r a t i o n .  During Run 7 a t  low b leed  mass f lows ,  less than  0.15 
o f  M , t h e  shock-induced p r e s s u r e  g r a d i e n t  s h i f t e d  forward s l i g h t l y  
BL5 
as t h e  b l eed  mass f low w a s  reduced.  T h i s  caused t h e  b l e e d  c o n f i g u r a t i o n  
t o  change from US t o  AS and a l a r g e  H w a s  recorded .  These d a t a  
were e l i m i n a t e d  because  of  t h e  change i n  b l eed  c o n f i g u r a t i o n  due t o  
t r  
shock movement. The p r e s s u r e  d i s t r i b u t i o n - d a t a  of Run 6 showed 
t h a t  t h e  b l e e d  r e g i o n  w a s  i n  t h e  AS b l e e d  c o n f i g u r a t i o n .  
The s l a n t e d  h o l e  b l e e d  d a t a  a t  Probe 6 presen ted  an anomaly 
i n  t h a t  t h e  t ransformed form f a c t o r s  ob ta ined  u s i n g  t h e  A S  2 con- 
f i g u r a t i o n  of Run 6 were less than  o r  e q u a l  t o  t h e  t ransformed 
form f a c t o r s  o b t a i n e d  us ing  t h e  US b l e e d  c o n f i g u r a t i o n s  of Runs 5 
and 7. The s t a t i c  p r e s s u r e  d i s t r i b u t i o n  f o r  Run 6 ,  Figure  3 . 2 5 ,  
6 3  
showed t h a t  t h e  p r e s s u r e  g r a d i e n t  a c r o s s  t h e  b l e e d  r e g i o n  was v e r y  
mild.  I n  o t h e r  AS b l e e d  c o n f i g u r a t i o n s  cons idered ,  t h e  p r e s s u r e  
rise a c r o s s  t h e  b l e e d  r e g i o n  has  been a major p o r t i o n  of  t h e  e n t i r e  
p r e s s u r e  rise a c r o s s  t h e  shock waves s o  t h a t  a much m i l d e r  p r e s s u r e  
rise a c r o s s  t h e  b l e e d  r e g i o n  may have changed t h e  e f f e c t  o f  tbe b leed  
on t h e  boundary l a y e r .  
The d a t a  f o r  t h e  s l a n t e d  h o l e  b l e e d  series a t  Probe 7 are 
presented  i n  F i g u r e s  3 . 4 3  through 3.45 and i n  Table  3 - V I I .  Although 
t h e  d a t a  were q u i t e  l i m i t e d ,  a compar ism of t h e  t ransformed form 
f a c t o r s ,  F i g u r e  3 . 4 4 ,  showed t h a t  t h e  d a t a  seemed t o  l i e  on a 
s i n g l e  curve w i t h  a p l a t e a u  H of approximately 1.3. So a g a i n  t h e  
e f f e c t  o f  b l e e d  c o n f i g u r a t i o n ,  i n  t e r m s  of H h a s  been reduced 
c o n s i d e r a b l y  a t  Probe 7 .  The d i f f e r e n c e s  i n  b l e e d  c o n f i g u r a t i o n  
t r  
t r y  
mani fes t  themselves  i n  t h e  6* and 8 d a t a ,  F igures  3.44  and 3.45  
r e s p e c t i v e l y ,  a t  low b l e e d  rates.  For b leed  ra tes  g r e a t e r  t h a n  
25% of M t h e  d i f f e r e n c e s  i n  t h e  d a t a  f o r  t h e  v a r i o u s  b l e e d  con- 
BL5 
f i g u r a t i o n s  is  n o t  s i g n i f i c a n t  whi le  f o r  lower b l e e d  ra tes  t h e  
d a t a  of Run 5 ,  US 2 ,  l i e  above t h a t  of Run 6 ,  AS 2.  
I t  must b e  emphasized a g a i n  t h a t  t h e  d a t a  p r e v i o u s l y  p r e s e n t e d  
were f o r  s u p e r c r i t i c a l  mode i n l e t  o p e r a t i o n  where t h e  t e r m i n a l  shock 
s tood  downstream of  t h e  geometr ic  t h r o a t .  The normal c r u i s e  con- 
d i t i o n  would b e  c r i t i c a l  mode o p e r a t i o n  where t h e  t e r m i n a l  shock 
s t a n d s  j u s t  behind t h e  geometric. t h r o a t .  R e l a t i v e l y  l a r g e  t ransformed 
form f a c t o r s  a f t e r  t h e  f i r s t  cowl i n t e r a c t i o n  r e g i o n  may mean 
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s e p a r a t i o n  of t h e  boundary l a y e r  i n  t h e  t h r o a t  i n t e r a c t i o n  r e g i o n  
f o r  c r i t i c a l  o p e r a t i o n .  
Sec t ion  3 . 3  P r e s s u r e  Recovery R e s u l t s  
3 .3 .1  S u p e r c r i t i c a l  Opera t ion  
S u p e r c r i t i c a l  i n l e t  o p e r a t i o n  fo rced  t h e  t o t a l  p r e s s u r e  
r e c o v e r i e s  a t  t h e  compressor f a c e  t o  be  i n  t h e  77% - 79% range  wi th  
X t h e  t e r m i n a l  shock be ing  h e l d  a t  an  approximate - 
R 
l o c a t i o n  of 4.5. 
C 
The t e r m i n a l  shock p o s i t i o n  w a s  f a r  i n t o  t h e  subson ic  d i f f u s e r  
s e c t i o n  and even downstream of  t h e  v o r t e x  g e n e r a t o r s ,  p o s i t i o n e d  a t  
- = 4.15. A s  a r e s u l t ,  t h e  compressor f a c e  p r e s s u r e  r e c o v e r i e s  R 
were very  low and t h e  compressor f a c e  Mach numbers were approximate ly  
0.5 r a t h e r  t h a n  0.4 i n  c r i t i c a l  o p e r a t i o n .  
X 
C 
poc’po The d a t a  f o r  compressor f a c e  t o t a l  p r e s s u r e  r ecove ry ,  
show a s l i g h t  i n c r e a s e  i n  p r e s s u r e  r ecove ry  w i t h  d e c r e a s i n g  b l e e d  
mass flow. There w a s  a l s o  an  unusual  1% drop i n  p r e s s u r e  r ecove ry  f o r  
b l eed  mass flows g r e a t e r  t han  5% of c a p t u r e .  However, conc lus ions  
about  i n l e t  performance cannot  b e  m a d e  f r o m  these d a t a  because of 
t h e  s u p e r c r i t i c a l  o p e r a t i o n  of  t h e  i n l e t .  
I t  should  be noted  t h a t  t h e  b l e e d  m a s s  f low r a t e s  used were 
n o t  ve ry  l a r g e  i n  comparison w i t h  p r i o r  exper iments  on t h e  same 
i n l e t .  T h i s  w a s  a l s o  t r u e  f o r  t h e  few c r i t i c a l  mode measurements 
taken. 
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Sec t ion  3.2 C r i t i c a l  Mode Opera t ion  
A few d a t a  p o i n t s  w e r e  t aken  i n  c r i t i c a l  mode o p e r a t i o n  and 
compressor f a c e  s t a g n a t i o n  p r e s s u r e  r e c o v e r i e s  between 89.2% and 
89.92 were recorded .  These d a t a  a r e  p re sen ted  i n  Table  3-VI11 w i t h  
b leed  mass flow rates and compressor f a c e  d i s t o r t i o n  measurements. 
S ince  no a t t e m p t  w a s  made t o  use  pos t - t e rmina l  shock b l e e d  o r  bypass  
b l eed  t h e  compressor r e c o v e r i e s  were q u i t e  adequate .  Also,  no e f f o r t  
w a s  made t o  o p t i m i z e  t h e  e f f e c t  of t h e  b l e e d  c o n f i g u r a t i o n s  t h a t  
were used f o r  maximum compressor f a c e  t o t a l  p r e s s u r e  r e c o v e r i e s .  
The l a r g e s t  compressor f a c e  t o t a l  p r e s s u r e  r ecove ry  o b t a i n e d  
w a s  89.94% w i t h  a d i s t o r t i o n  l e v e l  of 10.3% a t  a b l e e d  mass f low 
ra te  of 4.71% of t h e  c a p t u r e  mass flow. The lowes t  compressor f a c e  
t o t a l  p r e s s u r e  r ecove ry  ob ta ined  was 89.16% w i t h  d i s t o r t i o n  o f  11.1% 
a t  a b l e e d  ra te  of 4.34% of cap tu re .  A very  i n t e r e s t i n g  r e s u l t  w a s  
t h a t  a compressor f a c e  t o t a l  p r e s s u r e  r ecove ry  of 89.21% w a s  o b t a i n e d  
wi th  d i s t o r t i o n  of 11.1% w i t h  t h e  b l e e d  mass flow r a t e  b e i n g  o n l y  
3.07% of t h e  i n l e t ' s  c a p t u r e  mass flow. The l a t t e r  r e s u l t s  seems 
ve ry  promis ing  s i n c e  no a t t empt  was made t o  op t imize  t h e  b l e e d  con- 
f i g u r a t i o n  f o r  p r e s s u r e  recovery .  
The boundary l a y e r  c o n t a i n s  a range of s t a n g a t i o n  p r e s s u r e s  
va ry ing  from t h e  ex te rna l  s t a t i c  p r e s s u r e  a t  t h e  w a l l ,  assuming 
Z 0,  t o  t h e  e x t e r n a l  s t a g n a t i o n  p r e s s u r e  a t  t h e  edge of t h e  bound- 
aY 
a r y  l a y e r .  T h i s  s t a g n a t i o n  p r e s s u r e  g r a d i e n t  i s  a cause  f o r  t h e  
compressor f a c e  r a d i a l  d i s t o r t i o n  and some of t h e  s t a g n a t i o n  p r e s s u r e  
l o s s  a t  t h e  compressor f ace .  Removal of t h e  cowl boundary l a y e r  
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h e l p s  t o  i n c r e r s e  t h e  t o t a l  p r z s s u r e  r ecove ry  and d e c r e a s e  t h e  d i s -  
t o r t i o n  a t  t h e  compressor f ace .  Bleed f lows  t h a t  remove more than  
t h e  boundary l a y e r  mass flow a c t u a l l y  remove h i g h e r  p r e s s u r e  flow i n  
t h e  f r e e s t r e a m  and would n o t ,  from t h i s  p o i n t  of view, i n c r e a s e  t h e  
compressor f a c e  s t a g n a t i o n  p r e s s u r e .  As most of t h e  boundary l a y e r  
mass flow i s  away from t h e  w a l l  and t h i s  wouid be  t h e  l a r g e  s t a g -  
n a t i o n  p r e s s u r e  r eg ion ,  removal of on ly  t h e  low s t a g n a t i o n  p r e s s u r e  
reg ion  c l o s e  t o  t h e  w a l l  would seem t o  be  more u s e f u l  f o r  t h e  o v e r a l l  
i n l e t  performance. 
2 1  22 
I t  h a s  been shown by Cubbison e t  a1 , and Cbahy t h a t  removal 
of t h e  cowl boundary l a y e r  by use  of a bypass system n e a r  t h e  com- 
p r e s s o r  f a c e  i n c r e a s e s  t h e  compressor f a c e  s t a g n a t i o n  p r e s s u r e  re- 
covery and d e c r e a s e s  t h e  d i s t o r t i o n .  I n  a d d i t i o n ,  b l e e d i n g  behind 
t h e  t e r m i n a l  shock  i n  c r i t i c a l  o p e r a t i o n  a g a i n  i n c r e a s e s  t h e  com- 
p r e s s o r  f a c e  t o t a l  p r e s s u r e  recovery  and d e c r e a s e s  t h e  d i s t o r t i o n .  
The d a t a  showed t h a t  f o r  t h i s  i n l e t ,  p r e s s u r e  r e c o v e r i e s  o f  92% 
were o b t a i n e d  w i t h  no bypass and w i t h  b l e e d  mass f lows  of 10% of 
t h e  i n l e t ' s  c a p t u r e  mass flow. Compressor f a c e  t o t a l  p r e s s u r e  re- 
c o v e r i e s  of 95% were ob ta ined  wi th  bo th  b l e e d ,  8% of  M c ,  and bypass ,  
8% of M u t i l i z e d .  These d a t a  i n d i c a t e  t h a t  s i g n i f i c a n t l y  h i g h e r  
compressor f a c e  t o t a l  p r e s s u r e  r e c o v e r i e s  might have been ob ta ined  
c '  
i n  t h e  p r e s e n t  tes ts  and bypass b l eed  and b l e e d  downstream of t h e  
geometr ic  t h r o a t  been used. 
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Run 2 DS A 
Run 3 DS B 
Run 4 AS 
Run 5 D S  C 
Run 6 US 
Run 10 Scoop 
TABLE 3-1 
LOCATION OF CENTERBODY BLEED REGIONS 








X TO - 
R 
C 
2 . 9 4 3  
2.895 
2 . 8 7 1  
2 . 9 4 3  
2.846 
The d i s t a n c e s  are  g iven  from t h e  l e a d i n g  edge of t h e  f i r s t  open 
row of h o l e s  t o  t h e  t r a i l i n g  edge of  t h e  l a s t  row of open h o l e s .  
6 8  
TABLE 3-11 
PROBE 2 BOUNDARY LAYER PARAMETERS 
6 *  0 
tr H 






























1 . 2  
19.6 
18.0 






14 .8  
1 1 . 7  
1 .63  






1 .63  









1 . 6 1  
1 .61  
1.60 
1 .58  
1 . 6 1  
1 . 6 1  
1 .61  
1.60 
1 .60  
1.65 
1 .65  
1.66 
1.65 














































1 .333  
1.329 
1.336 












































































Table 3-11, Cont'd. 
6 *  0 
tr (cm) (cm) 
H W 
T M~~~~~ / M  B L ~  
- Number (2)  e (" K )  
M Run 
6 42.9 1.65 299.5 1.361 .1332 .0522 
us 40.0 1.66 300.0 1.366 .1349 .0526 
22.7 1.65 300.3 1.377 .1364 .0533 
12.4 1 . 6 3  297.1 1.429 .1495 .05 75 
9.6 1 .62  298.9 1.442 .1514 -0578 
5 . 8  1 .62  297.4 1.454 .1550 .0591 
0 .2  1.62 295.9 1.502 .1695 .0632 
10  
scoop 
22.5 1.64 301.6 1.359 .0923 ,0362 
21.6 1.64 301.9 1.355 .0924 .0363 
21.2 1.64 301.3 1.360 .0931 .0362 
21.0 1.64 301.4 1.358 .0923 .0362 
19 .6  1.64 301.5 1.357 .0933 .0366 
8.4 1.64 299.1 1.359 .0948 .0375 
TABLE 3-111 
PROBE 3 BOUNDARY LAYER PARAMETERS 
2 64.6 

























1 4 . 8  
1 1 . 7  
42.9 
40.0 
2 2 . 7  
12.4 
9.6 
5 . 8  
0 .2  
10 22.5 
scoop 21.6 
21 .2  
21.0 
18.6 
8 .4  
1.45 
1.45 











1 . 4 7  










1 .53  
1.52 

























































1 . 2 9 2  
1.289 
1.311 
1 .321  
1.223 




































. l o28  
,1090 
.1304 
. l o 0 5  
,099 7 














































7 1  
TABLE 3-IV 
PROBE 4 BOUNDARY LAYER PARAMETEKS 
W d *  ’M MTOTAL’Mc T R u n  %ORWARD c 
-- N u m b e r  ( X )  (XI e ( ”  K)  Htr ( c m )  
9 
L 1.04 
DS A 1.07 
1 . 1 7  
1.09 




















2 . 7 7  
2.75 
















1.15 313.9 1.409 .0356 
i . 1 6  313.6 1 .424  .0350 
1.16 313.3 1.401 .0355 
1 . 1 6  314.0 1 . 4 1 1  .0353 
1.16 312.7 1.399 .0356 
1.15 312.3 1.363 .0476 
1 .15  311.8 1.354 .0523 
1 .15  309.8 1.364 .0610 
1.11 309.5 1.368 .0807 
1.06 306.9 1.370 .0612 
1.03 305.6 1.403 .0530 
1.08 306.9 1.360 .0514 
1.08 306.7 1.356 ,0522 
1.06 306.2 1.353 ,0582 
1.07 306.6 1.363 .0555 
1.07 306.4 1.359 .0616 
1.06 307.0 1.405 .0640 
1.07 306.7 1.347 .0584 
1.08 305.7 1.334 .0626 
1 .08  336.2 1.332 .0670 
5 0.22 2 . 1 7  1 .04 307.6 1.402 ,0815 
DS C 0.74 1 . 7 2  1 .10 308.0 1.402 .0820 
0.80 1.66 1.09 307.4 1.403 .1283 
0.61 1 . 4 4  1 .10 307.4 1.430 .1242 
0.46 1.30 1.10 307.5 1.448 .1267 
0.39 1 .25  1.10 307.4 1 ,450  .1294 
0.28 1 . 2 0  1.11 307.0 1.453 .1312 
10 0.30 




2 . 2 2  1.06 307.3 1.395 .0528 
2 . 1 8  1.07 307.3 1.358 .0481 
2 . 1 2  1 . 1 2  307.6 1.370 ,0460 
2.03 1 . 1 3  307.3 1.363 .0514 


































Run 2 AS 1 
Run 4 US 1 
Run 5 US 2 
Run 6 AS 2 
Kun 7 us 3 
Run 8 US 4 
Run 9 US 5 
Run 10 US 6 
TABLE 3-V 
LOCATION OF COWL BLEED REGIONS 










X TO - 
R 
C 








The d i s t a n c e s  a re  g i v e n  from t h e  l e a d i n g  edge o f  t h e  f i r s t  open 
row of  h o l e s  t o  t h e  t r a i l i n g  edge of t h e  l a s t  open row of h o l e s .  
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TABLE 3 - V I  
PROBE 6 BOUNDARY LAYER PARAMETERS 
6 *  
tr 
H W 
T )'BLEED /M BL; 
e ( "  K) 







1 4 . 8  
11.8 
7 . 8  
6 . 6  
43.6 
42.0 








59 .3  
43.0 
28.1 
9 . 3  
114.4 









1 6 . 1  
6.5 
1 . 6  
1.08 
1 . 0 8  
1.08 





1 .04  






1 . 0 1  
0.98 
1.03 




1 . 0 1  























































































. l o o 2  
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Table 3-VI, Cont. 
& *  e T 
tr (4 ( c d  H 
M ~ ~ ~ ~ d M B L 5  W 












7 .8  
2 . 1  





1 .03  




1 .05  
1.05 
1.05 
1 . 0 8  
1 .09  
1.06 
1 .06  

















































TABLE 3 - V I 1  























9 . 3  
114.4 









16 .1  
6 .5  
1 . 6  
1 . 2 4  
1 .23  
1 . 2 3  
1 . 2 2  
1 . 2 0  
1 .20  
1 .20  
1.19 
1.20 
1 . 2 1  
1 . 2 1  
1.19 
1 . 2 1  




1 . 2 2  
1.22 
1.09 
1 . 1 7  










1 . 2 7  


































1 .300  




1 .338  
1.281 
1 .283  
1.282 




1 .283  
1.303 
1.335 
1 .301  
1 . 2 7 1  
1.257 












1 .273  
1.311 
. l o 7 1  
. lo76  






































































5 4 . 1  
5 3 . 4  
4 4 . 1  
3 6 . 0  
26 .2  
18.1 
7 . 8  
2 . 1  
4 7 . 2  
39 .6  
3 1 . 2  
20 .7  
1 4 . 7  
1 . 2 6  
1 . 2 7  
1 . 2 6  
1 . 2 6  
1 . 2 6  
1 . 2 6  
1 . 2 6  
1 . 2 7  
1 . 2 6  
1 . 2 0  
1 . 2 8  
1 . 2 4  
1 . 2 0  
1 . 2 3  
1 . 2 4  
298 .8  
298.8 
299 .3  
298 .8  
2 9 9 . 1  
299 .3  
299 .8  
299 .9  
300.0 
300.0  
299 .5  
299 .3  
299 .1  
298 .9  
2 9 9 . 1  
1 . 2 6 9  
1 . 2 7 3  
1 . 2 7 0  
1 . 2 7 2  
1 . 2 7 2  
1 . 2 7 4  
1 .275  
1 . 2 7 2  
1 . 2 9 4  
1 . 3 5 2  
1 . 2 5 1  
1 . 2 7 8  
1 . 3 0 0  
1 . 2 7 2  
1 . 2 6 9  
.0617 
. 0 5 9 3  




. 0 7 8 1  
.0840  
,1001 





. 0 8 7 3  
.0322  
.0308  
, 0 3 2 9  
. 0 3 3 5  
.0357 
.0378  
. 0 4 0 5  
. 0 4 3 5  
.0514 
. 0 6 2 3  
.031+0 
. o  $ 0  7 
,0406 
.0436 
. 0 4 6 1  
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TABLE 3-VI11 
COMPRESSOR FACE AND BLEED PARAMETERS FOR CRITICAL OPERATION 
Run Number 6 8 8 9 9 10 
Po,/P, (XI 89.2 89.8 89.2 89.3 89.9 89.8 
Distortion (%) 9.9 11.1 11.1 11.3 10.3 11.1 
/M (%I  3.38 2.20 2.16 2.15 2.25 2.20 MCOWL c 
E;FCB/Mc (XI 0 0.90 0.89 1.02 0.74 0.90 
MCB/Mc (2)  1.94 2.55 1.29 1.26 1.72 1.65 
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CHAPTER IV 
CONCLUSIONS 
An expe r imen ta l  i n v e s t i g a t i o n  w a s  conducted t o  de t e rmine  t h e  
e f f e c t  of b l eed  on a bounda-y l a y e r  i n  a shock wave-boundary l a y e r  
i n t e r a c t i o n  i n  a n  axisymmecric,  mixed compression, s u p e r s o n i c  i n l e t .  
The e f f e c t s  of b l e e d  amount and b l e e d  r e g i o n  geometry on t h e  bound- 
a r y  l a y e r  a f t e r  a shock-boundary l a y e r  i n t e r a c t i o n  r e g i o n  have been 
p resen ted .  Data have a l s o  been p resen ted  on compressor f a c e  t o t a l  
p r e s s u r e  recovery  and d i s t o r t i o n  i n  s u p e r c r i t i c a l  and c r i t i c a l  mode 
o p e r a t i o n .  
Htr 9 The r e s u l t s  have shown t h a t  t h e  t ransformed form f a c t o r ,  
d i r e c t l y  a f t e r  a n  i n t e r a c t i o n  r e g i o n ,  d e c r e a s e s  wi th  i n c r e a s i n g  
b l e e d  u n t i l  a p l a t e a u  i s  reached. The l e v e l  of  t h e  p l a t e a u  w a s  
found t o  be dependent on t h e  placement of t h e  b l e e d  r e g i o n  r e l a t i v e  
t o  t h e  shock-induced p r e s s u r e  rise f o r  a g iven  type  of b l e e d .  The 
p l a t e a u  H w a s  reached  w i t h i n  b l eed  mass f lows  of  30% t o  40% of t h e  
boundary l a y e r  m a s s  f l o w  before  t h e  i n t e r a c t i o n  r e g i o n  e x c e p t  f o r  
t r  
t h e  s l a n t e d  h o l e  b l e e d  c o n f i g u r a t i o n s  on t h e  cowl, where p l a t e a u  
trznsformed form f a c t o r s  were ob ta ined  w i t h  b l eed  mass f lows  of 
45% t o  50% of t h e  boundary l a y e r  mass f low b e f o r e  t h e  i n t e r a c t i o n  
r eg ion .  
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The €i* and 8 d a t a  have shown t h a t  t h e  p l a t e a u  t ransformed form 
f a c t o r s  bo th  on t.ie centerbody and on t h e  cowl were o b t a i n e d  w h i l e  
6*  and 8 w e r e  s t i l l  dec reas ing .  The r e s u l t s  s t r o n g l y  i n d i c a t e  t h a t  
b l eed  mass f low r a t e s  l a r g e r  t han  40% t o  50% of t h e  boundary l a y e r  
mass flow b e f o r e  t h e  i n t e r a c t i o n  r e g i o n  are unnecessary .  The e f f e c t -  
i veness  of b l e e d  f o r  smaller mass f lows  w a s  dependent on b l e e d  
reg ion  l o c a t i o n  and geometry. 
A comparison of b l eed  r e g i o n  c o n f i g u r a t i o n s  showed t h a t  t h e  AS 
b leed  c o n f i g u r a t i o n ,  open rows of h o l e s  spanning  t h e  shock-induced 
p r e s s u r e  g r a d i e n t ,  g e n e r a l l y  had t h e  wors t  performance when 6*, 
8 and Ht r  were used as c r i t e r i o n s .  
l a y e r  parameters may have been due t o  r e c i r c u l a t i o n  i n  t h e  b l e e d  
r eg ion .  I n l e t  u n s t a r t  occu r red  a t  low b l e e d  mass flow rates when 
t h e  AS b l e e d  r e g i o n  w i t h  h o l e s  normal t o  t h e  s u r f a c e  w a s  used. For 
t h e  geometry of t h i s  i n v e s t i g a t i o n ,  t h e  AS type  of b l e e d  r e g i o n  
should be  avoided. 
The r e l a t i v e l y  l a r g e  boundary 
Acceptable  t ransformed form f a c t o r s  f o r  c r i t i c a l  i n l e t  o p e r a t i o n  
were ob ta ined  by t h e  US, DS and scoop b l e e d  c o n f i g u r a t i o n s .  A t  
l a r g e r  b l e e d  mass f low rates, t h e  DS b l e e d  c o n f i g u r a t i o n s  provided  
lowes t  form f a c t o r s  d i r e c t l y  behind  t h e  i n t e r a c t i o n  r e g i o n s  w h i l e  
t h e  US b l eed  c o n f i g u r a t i o n s  had t h e  lowes t  form f a c t o r s  f a r t h e r  
downstream of t h e  i n t e r a c t i o n s .  T h i s  sugges t ed  t h a t  lower v a l u e s  
of E o b t a i n e d  wi th  t h e  DS b l e e d  c o n f i g u r a t i o n s  were a l o c a l  e f f e c t .  
The r e s u l t s  i n d i c a t e  somewhat smaller d isp lacement  and momentum 
t r  
1 2 8  
t h i c k n e s s e s  f o r  DS b l e e d  t h a n  f o r  US b l e e d .  There i s  however n o t  
enough o v e r a l l  d i f f e r e n c e  between US and DS b l e e d  t o  p r e f e r  one 
o v e r  t h e  o t h e r .  On t h e  centerbody i n  t h e  f i r s t  i n t e r a c t i o n  r e g i o n ,  
t h e  scoop b l e e d  c o n f i g u r a t i o n  w a s  v e r y  e f f e c t i v e  a t  m a i n t a i n i n g  
s m a l l e r  t ransformed form f a c t o r s  and smaller t h i c k n e s s e s  a t  t h e  lower 
b l e e d  rates. 
The r e s u l t s  comparing t h e  e f f e c t s  of normal and s l a n t e d  h o l e  
porous b l e e d  s e c t i o n s  on t h e  cowl showed t h a t  t h e  s l a n t e d  h o l e  b l e e d  
c o n f i g u r a t i o n s  were much more e f f e c t i v e  i n  p r o v i d i n g  lower iorm 
f a c t o r s  f o r  a f i x e d  amount of  b leed .  The s l a n t e d  h o l e  b l e e d  r e g i o n s  
had much lower p l a t e a u  t ransformed form f a c t o r s  b u t  t h e  b l e e d  mass 
flow needed t o  r e a c h  t h e  p l a t e a u  H w a s  approximately twice  t h a t  
needed t o  r e a c h  p l a t e a u  H f o r  t h e  normal h o l e  b l e e d  c o n f i g u r a t i o q s .  
I n  s p i t e  of  t h i s ,  t h e  s l a n t e d  h o l e  b l e e d  regions s t i l l  had l o w e r  
t ransformed form f a c t o r s  f o r  a f i x e d  amount of b l e e d .  
t r  
t r  
The r e s u l t  comparing t h e  e f f e c t s  of 0.159 crn and 0.318 c m  
diameter  normal b l e e d  h o l e s  on t h e  cowl showed t h a t  t h e r e  w a s  no 
d i s c e r n a b l e  e f f e c t  of  b l e e d  h o l e  s i z e  on t h e  boundary l a y e r  a f t e r  
t h e  b l e e d  r e g i o n .  
Compressor f a c e  t o t a l  p r e s s u r e  r e c o v e r i e s  of  89% t o  90% were 
achieved w i t h  b l e e d  rates of  3% t o  5% of t h e  i n l e t ' s  c a p t u r e  mass 
f low i n  c r i t i c a l  mode o p e r a t i o n  and no a t t e m p t  was made t o  o p t i m i z e  
t h e  b l e e d  c o n f i g u r a t i o n s  f o r  h i g h e r  t o t a l  p r e s s u r e  r e c o v e r i e s .  
Less b l e e d  could  probably  have been used w i t h  o n l y  v e r y  s l i g h t  e f f e c t s  
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on the total pressure recovery. The bypass system was not used during 
this investigation, utilization of the bypass system would have in- 
creased the compressor face total pressure recovery but at the 
expense of usable compressor face mass flow. 
Since no investigation of bleed geometry and mass flow rate in 
the vicinity of the normal shock in critical operation was done, more 
work in this area is needed as well as in the optimization of bleed 
for maximum inlet performance. 
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ASSUMPTIONS IN DATA REDUCTION PROCEDURE 
WLen the boundary layer calculations were made, several assumptions 
were made as the traversing pitot tubes gave only total pressure 
information. These assumptions were: 
(1) = 0 in the boundary layer 
aY 
and 
(2)  the total temperature profile was a Crccco integral 
distribution (Pr = 1). 
w u  u 2 
2c u 
T T 
- -  W 
T + (1--)-+- (-- (% 
T _ -  
U e e Te 'e P e  Te 
where it has also been assumed that 
h = c T  
P 
Since the wall temperature, T , was very close to the adiabatic 
wall temperature, assumption ( 2 )  was thought to be valid. Since the 
pitot probes were away from the immediate vicinity of the shock- 
boundary layer interaction region, assumption (1) was also valid. 
W 
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